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ABSTRACT 

A  two- stage  evaporator  has  been  built  and  brought, 
into  fully-controlled  operation  utilizing  a  control  scheme 
which  has  some  merit  over  the  more  common  control  schemes  re¬ 
ported  in  the  literature.  In  the  control  configuration  used 
here,  steam  rate  is  employed  as  the  manipulated  variable  in 
controlling  product  composition.  The  product  rate  from  each 
effect  is  the  manipulated  variable  in  controlling  the  res¬ 
pective  levels.  The  conventional  method  of  evaporator  con¬ 
trol  utilizes  product  rate  to  control  product  composition  and 
the  feed  rate  to  each  effect  to  control  the  levels. 

An  advantage  of  the  control  scheme  used  in  this  work, 
over  the  conventional  control  scheme,  results  from  not  having 
committed  feed  rate  as  a  manipulated  variable.  Thus  feed  rate 
may  be  determined  by  throughput  requirements  of  other  compon¬ 
ents  of  the  system.  For  the  conventional  control  scheme,  the 
evaporator  throughput  can  only  be  altered  by  changing  the 
steam  rate.  However,  the  product  composition  is  very  sensit¬ 
ive  to  steam  rate  and  thus  to  use  steam  rate  for  automatic  con 
trol  of  throughput  would  result  in  considerable  interaction  be 
tween  the  steam  flow  and  the  product  composition  control  loops 

It  is  shown,  in  this  work,  that  besides  providing 
this  advantage  the  control  scheme  used  here  should  result  in 
better  control,  since  the  response  of  product  composition  to 
steam  changes  is  faster  than  the  response  to  product  rate 
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changes*  This  is  established  for  this  system  only  but  should 
be  true  for  the  majority  of  evaporator  installations. 

A  mathematical  model  to  describe  the  transient  be¬ 
havior  of  this  evaporator  has  been  developed.  The  technique 
used  in  the  derivation  of  this  model  was  to  consider  the 
evaporator  as  being  made  up  of  several  interacting  sections 
or  modules.  Each  module  was  then  analyzed  separately  as  to 
its  dynamic  significance.  If  the  differential  equations  which 
described  a  particular  module  exhibited  a  relatively  rapid 
response  they  were  replaced  with  algebraic  steady  state  equa¬ 
tions.  In  this  way  the  model  was  simplified  to  where  its 
solution  was  possible  in  reasonable  computer  time. 

The  model  was  solved  on  an  IBM  7040  computer  using 
a  fourth-order  Runge-Kutta-Gill  integration  routine.  Com¬ 
parisons  between  the  predicted  transient  response  and  experi¬ 
mental  data  were  made  for  3  open- loop  and  3  closed- loop  ex¬ 
periments  employing  a  variety  of  input  disturbances.  The 
predicted  and  actual  transient  responses  showed  good  agree¬ 
ment  and  since  the  predicted  response  is  obtained  in  approx¬ 
imately  0.5%  of  real  time  it  is  felt  the  model  developed  here 
is  a  reasonable  one.  A  linear  version  of  the  model  was  also 
developed  which  produced  results  that  agreed  fairly  well  with 
those  of  the  non-linear  model. 
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I„  INTRODUCTION 

In  general  evaporation  may  be  defined  as  the  removal 
of  solvent  from  a  solution  in  which  the  solute  is  non-volatile 
at  the  operating  conditions .  While  this  definition  may  be 
applied  to  several  processes  and  may  involve  a  variety  of  solu¬ 
tions,  in  the  vast  majority  of  cases  that  a  chemical  engineer 
might  encounter,  the  solvent  is  water,  the  heat  required  to 
affect  the  evaporation  is  supplied  by  condensing  steam  and  the 
heat  from  the  steam  is  transmitted  to  the  solution  indirectly 
through  metallic  surf aces ( 24) . 

As  such,  the  evaporator  first  came  into  use  about 
1800  when  steam-heated  open  pans  of  various  designs  were  in 
use  in  the  sugar  industry.  The  first  real  advance  in  evapor¬ 
ator  design  was  the  invention  of  the  vacuum  pan  by  Howard  in 
1812.  The  first  multiple-effect  evaporator  was  made  for  the 
sugar  industry  in  1834(2) .  Since  that  time  there  have  of 
course  been  many  improvements  in  evaporator  design  and  many 
different  types  developed,  but  it  is  interesting  to  note  that 
the  current  "workhorse"  of  steam-heated  evaporators,  the  long- 
tube-vertical  evaporator  was  invented  by  Kestner  in  1899(24). 

Of  course  it  should  not  be  inferred  from  the  above 
that  there  has  been  no  improvement  in  evaporator  design  since 
the  turn  of  the  century .  Our  improved  knowledge  of  heat 
transfer  mechanisms,  boiling,  scaling,  crystallization,  equip¬ 
ment  fabrication  etc.  has  led  to  considerably  more  efficient 
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evaporator  design  and  operation.  But  until  recent  times, 
automatic  control  is  one  aspect  of  evaporator  operation  which 
had  not  received  much  attention. 

In  order  to  study  the  control  of  any  process,  device 
or  system  a  knowledge  of  its  transient  behavior  is  required. 
The  most  useful  description  of  the  transient  behavior  is  pro¬ 
vided  by  a  mathematical  analog  of  the  system  usually  referred 
to  as  the  model.  Obtaining  a  model  for  complex  processes 
such  as  evaporation  can  be  a  formidable  task  since  the  normal 
material  and  enthalpy  balances  of  the  steady  state  now  become 
non-linear  differential  equations  which  can  be  extremely  com¬ 
plicated  if  the  process  is  modelled  exactly.  For  such  a  case, 
it  may  be  that  any  economies  that  might  be  gained  through  a 
knowledge  of  this  transient  behavior  would  be  lost  due  to  the 
cost  of  solving  the  model.  Consequently,  during  the  model¬ 
ling  of  a  complex  process  it  is  necessary  to  strike  a  com¬ 
promise  between  retention  of  complexities  for  accuracy  and 
simplification  for  expediency.  Unfortunately,  as  pointed 
out  by  To  J«  Williams ( 25) ,  at  present  there  is  no  generally 
accepted  basis  for  simplification  of  a  model.  Also  there 
is  no  simple  procedure  for  determining  the  dynamic  signif¬ 
icance  of  the  individual  differential  equations  of  the  model. 
The  procedure  adopted  in  this  work  was  to  examine  the  res¬ 
ponse  rate  of  proposed  differential  equations  and  to  assume 
steady  state  for  those  equations  having  a  rapid  response. 
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While  this  procedure  is  not  generally  applicable  to 
all  sets  of  differential  equations  it  can  be  used  if  the  nat¬ 
ure  of  the  process  being  described  is  kept  in  mind.  The  re¬ 
sults  achieved  in  this  work  would  seem  to  support  this  conclus¬ 
ion,  at  least  for  this  evaporator. 

The  evaporator  used  in  this  study  consisted  of  two  ef¬ 
fects,  the. first  being  of  the  calandria  or  short-tube-vertical 
type  and  the  second  being  of  the  forced-circulation  type. 

This  configuration  was  chosen,  firstly  because  the  evaporator 
is  to  become  an  undergraduate  unit  operations  experiment  at  the 
completion  of  this  work.  Having  two  different  effects  should 
enhance  the  educational  value  of  the  equipment.  Secondly,  it 
was  hoped  that  this  variety  would  make  the  model  developed  in 
this  work  more  versatile.  Finally,  a  forced  circulation  effect 
is  frequently  employed  where  drastic  increases  in  viscosity 
arise  from  concentration  of  the  solution.  The  solution  sel¬ 
ected  for  concentration  in  the  evaporator  was  sugar-water. 

When  this  project  was  initiated  it  was  decided  that 
the  objectives  would  be; 

1)  To  build  a  fully  controlled  two-stage  evaporator. 

2)  To  develop  a  model  to  describe  the  transient  behavior. 

3)  To  compare  the  actual  and  theoretical  transient  behaviors. 
It  is  hoped  that  this  study  will  contribute  to  the  knowledge 
of  evaporator  control  system  design  and  indeed  to  the  general 
knowledge  of  process  dynamics. 
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II.  INTRODUCTORY  THEORY 

Examination  of  the  definition  of  an  evaporator  given 
in  Chapter  I  shows  that  a  single-effect  evaporator  is  actually 
just  a  special  type  of  heat  exchanger.  Thus,  evaporator  theory 
is  merely  a  branch  of  heat  transfer  theory.  Consider,  however, 
the  problems  that  arise  in  the  prediction  of  heat-transfer  co¬ 
efficients  for  this  type  of  heat  exchanger. 

If  the  fluid  flowing  through  a  vertical-tube  evapor¬ 
ator  is  below  its  saturation  temperature  its  heat  transfer 
coefficient  can  be  predicted  with  reasonable  accuracy  using 
the  standard  equations  describing  heat  transfer  in  circular 
tubes.  However,  if  boiling  occurs  as  the  fluid  rises  in 
the  tubes,  the  heat  transfer  coefficient  is  more  difficult  to 
predict  since  the  coefficient  increases  due  to  the  additional 
turbulence  created  by  the  growing  bubbles.  Also,  as  vapor 
is  formed  the  velocity  increases,  as  dictated  by  continuity 
considerations,  to  compensate  for  the  decreased  bulk  density. 
This  effect  is  autocatalytic  and  results  in  marked  increases 
in  the  heat-transfer  coefficients  at  successfully  higher  posi¬ 
tions.  For  the  outside  of  the  tube  there  is  the  complication 
of  decreasing  heat-transfer  coefficient,  from  top  to  bottom, 
due  to  increasing  film  thickness. 

Consider  also  the  problem  of  determining  the  temper- 
ture  drop  between  fluid  and  tube  wall.  As  the  solution  moves 
up  the  tube  from  the  bottom,  its  temperature  increases  from 
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heating  and  its  pressure  decreases  due  to  fluid  friction. 

When  boiling  starts  there  are  rapid  changes  in  pressure  re¬ 
sulting  from  the  changing  hydrostatic  head  and  increasing 
velocity.  These  effects  create  considerable  changes  in  the 
temperature  difference  along  the  tube (7). 

Because  of  the  above-mentioned  problems  the  usual 
practise  in  evaporator  design  is  to  use  an  overall  heat-trans¬ 
fer  coefficient  predicted  from  the  performance  of  evaporators 
operating  under  similar  conditions (3) .  This  overall  coef¬ 
ficient  is  usually  based  upon  a  temperature  difference  de¬ 
fined  as  the  temperature  of  the  saturated  steam  minus  the 
saturation  temperature  of  the  concentrated  solution  at  the 
pressure  in  the  vapor  space  of  the  evaporator.  Fortunately 
there  are  available  in  the  literature  correlations  of  over¬ 
all  heat  transfer  coefficients  versus  temperature  drop  and 
boiling  temperature  for  the  more  common  evaporator  types. 

Considering  a  heat  exchanger  as  a  resistance  to  the 
flow  of  heat  then  a  multiple-effect  evaporator  can  be  viewed 
as  a  number  of  resistances  in  series.  The  overall  driving 
force  for  the  heat  is  the  temperature  difference  between  the 
steam  in  the  first  effect  and  the  saturation  temperature  of 
the  solution  in  the  last.  If  the  overall  resistance  is  doubled, 
say  by  doubling  the  number  of  effects,  then  the  flow  of  heat 
will  be  halved.  Thus,  the  steam  consumption f and  thereby  the 
evaporation  from  each  effect,  will  also  be  halved.  However, 
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since  the  number  of  effects  is  doubled,  the  net  evaporation 
will  be  the  same (24). 

Since  the  major  operating  expenses  of  an  evaporator 
are  the  steam  and  cooling  water  costs,  it  is  seen  that  the 
design  of  a  multiple-effect  evaporator  involves  a  compromise 
between  capital  and  operating  costs.  This  is,  of  course,  an 
over-simplified  statement  of  the  solution  to  evaporator  design 
problems  since  such  things  as  boiling-point  rise,  crystalliza¬ 
tion,  scaling,  corrosion  and  heat  sensitive  solutes  may  strong¬ 
ly  influence  the  design. 

Suffice  it  to  say  here  that  the  design  of  an  evaporator 
installation  can  be  a  very  difficult  task,  but  since  evapora¬ 
tion  is  a  standard  unit  operation  and  design  techniques 
have  been  set  out  in  several  publications  (2,3,4,15,22),  fur¬ 
ther  discussion  here  would  merely  be  redundant. 

Although  the  subject  matter  of  this  thesis  also  falls 
within  the  realm  of  process  control  theory,  the  understanding 
of  the  thesis  is  not  contingent  upon  a  knowledge  of  process 
control  theory  and  for  this  reason  only  pertinent  concepts 
will  be  introduced  here.  One  aspect  of  process  control  theory, 
namely  frequency  response,  is  mentioned  several  times  in  the 
forthcoming  chapters  and  thus  warrants  some  preliminary  ex¬ 
planation  . 

If  the  input  to  a  stable  linear  system  is  forced  to 
oscillate  sinusoidally  at  some  fixed  frequency  to  ,  then  after  a 
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certain  period  of  time  the  output  will  also  oscillate  sin¬ 
usoidally  at  that  frequency  but  not  necessarily  in  phase  or 
with  the  same  amplitude  as  the  input.  In  general ,  for  a 
specific  system,  a  unique  relationship  exists  between  the 
ratio  of  the  output  to  input  amplitude  and  the  output  to 
input  phase  difference  and  the  frequency  of  the  forcing  sine 
wave.  The  spectrum  of  amplitude  ratios  and  phase  angles  for 
various  frequencies  is  referred  to  as  frequency  data  later 
in  this  thesis. 

If  the  transfer  function  relating  input  to  output  of 
the  system  in  Laplace  transform  notation  is 

Y  ( s) 

-  =  G ( s) 

X  ( s) 

where 

X(s)  =  transform  of  the  system  input 

Y(s)  =  transform  of  the  system  output 

G(s)  =  transform  of  the  transfer  function 

then  it  can  be  shown (5)  that  if  iw  is  substituted  for  s  in 
G(s),  the  amplitude  and  phase  angle  of  the  resulting  complex 
function  (G(ioj))  are  the  amplitude  ratio  and  phase  angle  of 
the  system,  for  all  values  of  oo  ,  Thus,  having  the  transfer 
function,  the  frequency  response  can  be  obtained  or  vice-versa. 

This  method  of  dynamic  analysis  was  developed  ori¬ 
ginally  for  the  study  of  the  stability  of  electrical  and 
mechanical  vibrating  systems.  In  chemical  systems,  however, 
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stability  is  most  often  not  of  primary  concern  and  frequency 
analysis  is  used  as  a  means  for  checking  or  determining  a 
model  of  the  system. 

As  indicated  in  Chapter  I  a  complete  model  of  a 
double-effect  evaporator  would  involve  numerous  simultan¬ 
eous  non-linear  differential  equations.  Since  neither  the 
analytical  nor  numerical  solution  of  these  equations  is 
practical  some  simplifications  are  necessary  in  order  that 
the  model  have  some  utility.  The  most  obvious  method  of 
simplification  involves  the  elimination  of  differential  equa¬ 
tions  which  do  not  contribute  significantly  to  the  descript¬ 
ion  of  the  dynamic  response  of  the  system.  However  some 
difficulty  arises  in  comparing  the  contributions  of  the  var¬ 
ious  equations. 

The  most  satisfactory  method  of  comparison  involves 
the  determination  of  the  eigen  values  and  eigen  vectors  for 
the  linearized  set  of  equations.  Analysis  of  the  solution 
expressed  in  terms  of  these  quantities  should  indicate  those 
elements  of  the  system  which  dominate  the  dynamic  response. 
Unfortunately,  in  view  of  the  anticipated  wide  variation  in 
the  eigen  values,  the  matrix  pertaining  to  the  linearized 
set  of  equations  will  be  ill-conditioned( 14) . 

An  alternate,  though  intuitive  approach,  commonly 
used  for  the  dynamic  analysis  of  chemical  processes  (1,5) 
involves  substitution  of  steady  state  equations  for  first 
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order  differential  equations  displaying  small  time  constants. 
For  this  purpose  the  time  constant  of  a  linearized  equation 
is  defined  as  the  ratio  of  the  coefficient  of  the  first  order 
term  to  the  zero  order  term.  This  approach  is  based  upon  the 
assumption  that  the  dynamic  response  of  the  element  described 
by  the  differential  equation  is  characterized  by  its  time 
constant . 

Considerable  caution  must  be  exercised  in  the  appli¬ 
cation  of  this  technique  since  interaction  between  the  ele¬ 
ments  may  be  such  that  the  individual  time  constants  do  not 
adequately  represent  the  dynamic  behavior  of  the  associated 
elements.  The  final  justification  of  this  method  of  model 
simplification  must  rely  on  experimental  analysis  and  may  in 
fact  only  apply  to  the  particular  system  involved  in  the 
investigation . 

In  order  to  obtain  representative  time  constants  for 
non-linear  differential  equations  the  equations  must  first  be 
linearized.  The  method  used  to  establish  these  time  constants 
is  illustrated  in  the  following  example.  Consider  a  general 
differential  equation  of  the  type 

dx 

—  =  f(x,y) 

dt 

where  f(x,y)  may  be  non-linear.  If  the  Taylor's  series  of 
f(x,y)  can  be  obtained,  then  the  equation  can  be  written  as 
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dx 

dt 


f  (x  y  ) 
o  cr  o 


(y  -  y  )  +  higher  order  terms 

where  x  and  y  are  steady  state  values, 
o  o 

If  x  and  y  are  only  slightly  different  from  xq  and  y^  then 
the  higher  order  terms  will  be  small  compared  to  the  first 
order  terms  and  may  thus  be  neglected.  Therefore, 
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dt 
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(y  -  y0> 


is  linear  with  a  time  constant 
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Thus,  in  general,  for  any  differential  equation  which  can  be 
approximated  by  a  Taylor's  series 
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III.  LITERATURE  REVIEW 

As  mentioned  in  Chapter  I,  to  date,  there  has  been 
little  published  work  on  the  dynamics  of  evaporators.  An  ex-  / 

tensive  literature  search  yielded  only  three  papers  dealing 
with  this  subject. 

The  earliest  of  these  papers  was  by  D.E.  Johnson(13), 
in  which  he  describes  the  efforts  made  in  analyzing  the  control 
of  a  single-effect  falling-film  evaporator  in  use  in  a  Shell 
Chemical  urea  plant.  Prior  to  the  construction  of  this 
evaporator  he  conducted  an  analog  study  using  a  postulated 
transfer  function,  consisting  of  a  dead  time  to  relate  flow 
out  of  the  evaporator  to  flow  in  and  integration  to  relate 
flow  out  to  level.  In  spite  of  this  rather  simple  model,  he 
was  able  to  recommend  a  constructive  design  change,  namely 
that  the  pipe  size  at  the  bottom  of  the  evaporator  be  enlarged. 

However,  when  the  evaporator  was  brought  into  oper¬ 
ation,  the  original  control  scheme  suggested  did  not  function 
properly.  Therefore,  a  test  program  was  undertaken  to  deter¬ 
mine  the  frequency  response  of  temperature,  vacuum  and  level 
to  changes  in  feed  flow,  product  flow,  steam  flow  and  air 
flow,  the  latter  being  used  to  control  the  vacuum  produced 
by  a  steam  ejector.  His  comments  on  the  program  include, 

‘'the  data  were  extremely  difficult  to  get  and  to  analyze"1. 
Never-the-less  the  data  were  obtained  and  from  these  data 
more  complete  transfer  functions  were  derived. 
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The  most  significant  result  obtained  from  these  new 
transfer  functions  was  that  a  very  strong  interaction  existed 
between  the  vacuum  and  the  evaporator  level.  For  example  "a 
0.1  inch  of  mercury  vacuum  change  caused  at  least  an  8.5  inch 
level  change  over  the  entire  test-frequency  range".  Using 
this  result  he  recommended  that  a  more  sensitive  vacuum  control 
system  be  installed  and  that  a  pressure  regulator  be  put  on 
the  steam  line  to  the  ejector. 

Although  this  paper  provides  good  evidence  as  to  the 
worth  of  dynamic  studies,  the  method  used  in  achieving  the 
final  goal  is  questioned.  It  is  felt  that  the  approach  taken 
in  the  present  work,  namely  describing  the  dynamics  by  writing 
transient  material  and  enthalpy  balances  on  the  process,  based 
upon  a  knowledge  of  the  physics  involved,  is  to  be  preferred 
to  postulating  empirical  equations  to  describe  experimental 
data.  The  first  method  gives  one  more  of  an  insight  into  the 
workings  of  the  process  and  in  some  cases  the  dynamic  signifi¬ 
cance  of  various  sections  or  parameters  of  the  process  can 
be  predetermined  without  testing.  Also  models  arising  from 
theoretical  considerations  are  more  easily  altered  to  describe 
similar  processes  of  different  size  or  at  different  conditions. 
Another  major  criticism  of  the  empirical  method  is  the  labor 
and  lost  or  off-specification  production  involved.  Without 
any  insight  into  the  significance  of  various  parameters  of 
the  process  the  testing  program  must  be  comprehensive  enough 
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to  insure  that  all  pertinent  parameters  are  examined.  This 
would  inevitably  result  in  the  production  of  some  data  that 
in  the  final  analysis  proves  to  be  unnecessary.  Furthermore, 
for  industrial  sized  equipment  with  large  time  constants,  this 
testing  program  could  take  weeks  to  complete. 

The  method  of  developing  a  model  from  transient  en¬ 
thalpy  and  material  balances  was  the  method  used  by  Andersen, 
Glasson  and  Lees(l)  in  their  study  of  the  dynamics  of  a 
single-effect  calandria  type  evaporator.  The  model  they  de¬ 
veloped  consisted  initially  of  six  differential  equations  and 
four  algebraic  equations  containing  some  fifty  parameters. 

These  equations  were  linearized  by  considering  perturbations 
about  steady  state,  then  laboriously  combined  into  four, 
quite  complicated  differential  equations.  Substituting  num¬ 
erical  values  for  the  parameters  that  made  up  the  time  con¬ 
stants  of  these  equations  showed  that  the  time  constant  per¬ 
taining  to  the  steam  side  of  the  calandria  was  negligible  and 
the  time  constant  for  the  metallic  portion  of  the  calandria 
was  very  small.  Using  this  information  the  equations  were 
reduced  to  three  relatively  uncomplicated  differential  equa¬ 
tions  . 

To  test  this  model  they  determined  the  frequency  res¬ 
ponse  of  the  product  composition  to  feed  flow  changes,  at  a 
constant  steam  rate.  The  period  of  the  feed  flow  oscillation 
was  varied  from  6  to  150  minutes,  with  best  data  being  obtained 
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for  periods  between  30  and  60  minutes.  Noise  was  excessive 
at  shorter  periods  and  drifting  from  steady  state  created  a 
problem  at  larger  periods.  The  experimental  and  theoretical 
data  were  compared  on  a  Bode  plot  (amplitude  ratio  and  phase 
difference  versus  frequency)  and  showed  a  fair  degree  of  scat¬ 
ter,  especially  the  phase  difference. 

This  paper  gives  a  good  indication  of  the  labor  re¬ 
quired  to  test  a  model  via  frequency  analysis.  Their  experi¬ 
mental  program  took  five  weeks  to  complete  and  then  the  data 
were  somewhat  inconclusive.  Furthermore,  their  data  covered 
only  a  limited  portion  of  the  Bode  plot  since  the  above- 
mentioned  experimental  difficulties  prevented  them  from  ob¬ 
taining  data  at  frequencies  low  enough  to  observe  a  corner 
point.  They  mention  one  attempt  to  test  the  model  by  way  of 
the  transient  response  to  a  step  input  but  state  only  that 
the  results  were  inconclusive. 

It  is  felt  that  the  development  of  the  model  for  this 
evaporator  would  have  been  less  laborious  had  the  various 
sections  of  the  evaporator  been  considered  independently. 

For  instance,  the  steam  side  of  the  calandria  can  be  consid¬ 
ered  to  be  a  separate  module  being  acted  upon  by  a  steam 
flow  rate  and  the  calandria  wall  temperature.  The  only  vari¬ 
able  of  significance  to  the  rest  of  the  evaporator  is  the 
steam  temperature.  Analysis  of  the  equations  describing  this 
model  shows  that  the  response  of  temperature  to  disturbances 
is  very  rapid  and  thus  from  the  onset  the  steam  chest  could 
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have  been  described  by  an  algebraic  equation.  The  walls  of 
the  calandria  and  solution  in  the  evaporator  can  also  be. 
analyzed  as  separate  modules. 

The  only  paper  located  dealing  with  the  dynamics  of 
multiple-effect  evaporators  is  that  by  Manczak(19).  This 
paper  describes  the  development  of  a  model  for  a  four-effect 
calandria  type  evaporator.  In  the  derivation  of  his  model  a 
considerable  amount  of  attention  is  given  to  the  dynamics 
of  steam  in  the  chest  of  each  effect.  As  mentioned  above 
Andersen  et.  al.  have  shown  that  the  response  of  the  steam 
chest  has  a  negligible  effect  on  the  system.  This  same  con¬ 
clusion  was  reached  during  the  present  study.  Manczak  also 
linearizes  the  resulting  equations  but  in  a  manner  that  this 
author  finds  questionable.  The  steam  temperature,  which  is 
in  fact  the  most  significant  parameter,  is  considered  by 
Manczak  to  be  a  constant  during  the  linearization  of  the  dif¬ 
ferential  equations  describing  the  steam  chest.  Furthermore, 
he  does  not  present  any  results  to  support  his  transient  model 
Consequently  a  quantitative  evaluation  of  his  model  is  not  pos 
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IV .  MODEL  DEVELOPMENT 

Before  proceeding  with  the  development  of  the  model 
it  will  be  helpful  to  consider  the  simplified  schematic  dia¬ 
gram  of  the  evaporator  (Figure  1)  as  it  was  utilized  for  these 
experiments.  As  can  be  seen,  the  evaporator  was  operated  in 
a  feed-forward  or  parallel  flow  configuration.  The  reason 
for  utilizing  this  control  configuration  will  be  explained  in 
Chapter  V. 

The  steam  chest  of  the  first  effect  was  constructed 
in  the  shape  of  an  annulus  with  the  heating  tubes  around  the 
outside  and  a  downcomer  in  the  middle  to  complete  the  cir¬ 
culation  path.  Feed  is  introduced  at  a  point  in\ the  liquid 
above  the  steam  chest,  by  a  tube  extending  up  from  the  bottom, 
and  product  is  drawn  off  from  the  bottom. 

The  product  from  the  first  effect  is  pumped  to  the 
second  where  it  mixes  with  the  recirculation  stream  of  the 
second  effect.  The  mixed  stream  passes  up  the  heating  tubes 
of  the  second  effect  into  a  cyclone  separator.  The  vapor 
is  driven  into  the  condenser  and  the  liquid  returns  to  the 
pump  to  fee  recirculated,  with  some  feeing  drawn  off  as  product. 
The  condenser  was  held  at  a  fixed  vacuum  fey  a  pressure  con= 
troller .  Condenser  cooling  water  was  controlled  at  a  tempera- 
ture  low  enough  to  insure  that  vapor  losses  through  the  vacuum 
line  were  negligible. 
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As  mentioned  earlier,  for  modelling  purposes,  the 
evaporator  was  considered  to  be  made  up  of  several  interact¬ 
ing  modules.  These  modules  are  shown  diagrammatically  in 

Figure  2  where  the  lines  joining  the  modules  represent  the 
transfer  of  either  liquid  solution,  vapor,  or  heat.  In  the 
following  derivation  of  the  evaporator  model,  the  differential 
equations  describing  each  module  will  be  analyzed  independently. 
Those  equations  exhibiting  a  rapid  response  will  be  replaced 
by  algebraic  equations.  In  this  manner  the  model  will  be 
simplified  to  permit  its  solution  in  reasonable  computer  time. 
Before  proceeding  with  analysis  of  the  separate  mo¬ 
dules  it  should  be  mentioned  that  the  response  of  these  mo¬ 
dules  can  only  be  judged  in  relative  terms.  Thus,  in  order 
to  judge  the  significance  of  time  constants  for  the  individ¬ 
ual  sections  it  will  be  helpful  to  derive  hypothetical  time 
constants  for  each  effect  as  a  whole.  Assuming  that  the 
liquid  in  each  effect  is  perfectly  mixed  and  assuming  fur¬ 
ther  that  there  is  no  change  in  the  holdup,  the  time  con¬ 
stant  for  each  effect  is  the  holdup  divided  by  the  flow.  This 
is,  of  course,  strictly  true  only  for  linear  systems.  Since 
the  holdup  for  each  effect  is  approximately  30  lbs,  and  the 
feed  rate  to  the  system  approximately  3  lbs/min, ,  the  time 
constants  for  each  effect  are  roughly  the  same  and.  are  equal 


to  10  minutes. 
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A.  Steam  in  the  Calandria  of  the  First  Effect 

Consider  first  the  steam  in  the  calandria  of  the 
first  effect.  It  is  assumed  that  the  steam  and  condensate 
produced  are  uniformly  at  their  saturation  point  for  the  pre¬ 
vailing  pressure.  It  is  also  assumed  that  condensate  holdup 
and  heat  loss  are  negligible.  Under  these  assumptions  the 
material  balance  is 


Vsc 


dDs 


1 


1 


Si  -  Sc 


1 


(IV-1) 


dt 


where 


3 

Vsc^  =  volume  of  the  steam  space,  ft. 

3 

Ds^  =  density  of  the  steam  in  the  chest,  lbs/ft. 
si  =  entering  steam  rate,  lbs/min. 


Sc^  =  rate  of  condensation,  lbs/min. 
Similarly  the  enthalpy  balance  is 


Vsc, - 

1  dt 


d(Ds^  Hs^) 


Si  Hsi  -  Sc1  Hsc1  -  Qs^ 


( IV- 2 ) 


where 


Hs^  =  enthalpy  of  the  steam  in  the  chest,  btu/lb. 

Hsi  =  enthalpy  of  the  entering  steam,  btu/lb. 

Hsc^  =  enthalpy  of  the  condensate,  btu/lb 

Qs^  =  heat  transferred  from  the  steam  to  the 


calandria  walls,  btu/min. 


Substituting  equation  (IV-1)  into  (IV-2)  yields 
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dHs,  dDs, 

Vsc,  (Ds,  -  +  (Hs,  -  Hsc,  )  - -)  =  Si(Hsi  -  Hsc, )  -  Qs,  (IV-3) 

dt  1  dt  11 

For  the  temperatures  encountered  in  this  work  the  en¬ 
thalpies  of  steam  and  water  can  be  represented  by 

Es1  =  1066.  +  0.4  Tsx  (Tsx  in  °F) 

Hsc^  =  -32.  +  1.0  Ts^  (Ts^  in  °F) 

where  Ts-^  is  the  saturated  steam  temperature.  Assuming  that  a 
spatially  averaged  temperature,  Tw-^ ,  can  be  associated  with  the 
calandria  wall,  then 

Qs^  =  hs^A^ (Ts^  -  Tw^) 

where  hs^  is  the  steam  side  film  coefficient  as  A^  is  the  heat 
transfer  area.  Further,  since  the  steam  is  assumed  to  be 
saturated 


Ds1  =  f(Hs1)  =  f(Ts1) 

Assuming  a  linear  relationship  of  the  form  Ds^  =  aTs^  +3 
and  substituting  this  along  with  the  above  expressions  into 
( Iv-3 ) 

dTs,  Si  (Hsi  +  32.  +  l.Ts,)  -  hs,A,  (Ts,  -  Tw,  ) 

- ±  =  - - - — - - - - -  ( IV-4 ) 

dt  Vsc-^(.4Ds^  +  a(1098.  -  .6Ts^)) 


It  has  been  shown  in  Chapter  II  that  the  time  constant 
for  the  linearized  version  of  equation  (IV-4)  is 

,  3  dTSl  ,-1 

T  =  ~  (  -  -  ) 

3Ts1  dt 
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Performing  the  operation  specified  by  this  equation  yields 


Vsc1(.4Ds1  +  a  (1098  .  -  ^Ts^) 
Si  +  hs^A-j- 


Substituting  the  following  average  steady  state  values 


Si 

Vsc, 


hs-^A^ 


Ds 


Ts 


yields 


1 

a  = 

1 


=  1.0  lbs/min. 

=  .4  ft3 

=  235  btu/min  °F  (Appendix  12) 

=  .0433  lbs/ft3 


.00075  lbs/°F  ft3 
220°F 


-3 

1.27  x  10  mms  . 


Therefore,  the  response  of  steam  temperature  to  disturbances 
is  very  rapid.  This  means  that  for  any  change  the  new  steady 
state  is  achieved  rapidly  which  is  tantamount  to  saying  the 
right-hand-side  (RHS)  of  equations  (IV-1)  and  (IV-2)  are  al¬ 
ways  equal  to  zero.  Thus, 

Sc^  =  Si 

and 


Si(Hsi  -  Hsc^)  =  Qs^ 

Substituting  for  Qs^  and  Hsc1  in  equation  (IV-5)  and  rearrang¬ 
ing  results  in  the  following  equation. 

Si  (Hsi  +  32.)  +  hs,A,Ts, 

TS;l  =  - — - -  ( Iv-6 ) 

1.0  Si  +  hs^A-^ 
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Equation  (IV-6)  completely  characterizes  the  steam  in  the 
calandria  of  the  first  effect. 

B.  Calandria  Walls 

Next  consider  a  heat  balance  on  the  metal  of  the 
calandria.  It  is  assumed  that  temperature  gradients  in  the 
metal  of  the  calandria  are  negligible. 

dTw. 

- -  - 1  =  hSjA^TSj^  -  Twx)  -  h1A1(Tw1  -  T±)  (IV-7) 

=  weight  of  the  calandria  =  97  lbs. 

=  heat  capacity  of  the  calandria  metal 
=  .12  btu/lbs .  °F 

=  heat  transfer  coefficient  for  the  solution 
side  of  the  calandria,  btu/min.  ft^  °F 
=  temperature  of  the  solution  in  the  first 
effect  evaluated  from  the  enthalpy  and 
concentration,  °F 
Assuming  that  the  heat  transfer  coefficients  are  constant, 
the  time  constant  for  the  calandria  is 

Wsc^Cpsc^ 

x  =  - - 

^S1A1  +  ^1A1 

The  average  of  h^A^  is  78.2  btu/min. °F  (appendix  12).  When 
this  and  other  numerical  values  are  substituted  into  equation 


- 


where 


Wsc. 


Cpsc. 


-1  -  -  \  , 


-V? 


r  ££  - 


-■ 


srti  «x  me  ode  ©rid  aesxxedosxBrio  y^0^®-^®*031  (9-VI)  rto xdsi/y^t 

i 

.  do©  5 :, r  i".  ix :.  s rid  ■’  ■-■'  i •  -;  l  co 


•* 

:\ 


. 


.;  iLrM  ' 


j 


»i  .;  cU  :  -.•  :d  iio  ■'"'n.ftif  d  -  &*•••••  ■  v  '  .  cc  J  >:  o ri 


it* 

odd  ni  adrtaifiahflp  ©oud^ieqrnsd  dfcri.d  bonuredA  ai  dl  , sisbflBl so 

. ©IdipxlpoA  ■-i  ,  &:  ybn&lG o  ©rid  r5o__Xftd©in 


wTb 


db 


9*X9riw 


.: 


i  -  •-  jf._'.  -  '  :  •  .  -  :•  .■  -  :  •  :■ .  *w  ~  ,  02 ft 

' 

JTx  i&m  sklxba&lBD  ©rid'  L .  .>d 

t.  ►. 


•,;‘f 

.  -v  -  .■•••••  -.;  •; 

“4  ‘  .  -^  >,  >  a 


.  qddd  o  odd  -;c  obi 9 

'  o  i  ©rid  4  ir  AOXduIOc  f>d  ?o  sxt/dt'isqirrsd 


„T 


L;:s  qlspdrt©  .add  pic  5  ’'  ©dsuX'-VS  dootda 


Q 

^  noxdBddnsor.o^ . 


adaof 9x2iooo  xadansTd  -'sari  &rf^  dsrid 

- 

8X  sxibns  I  f,o  ©i  ~  .c"  .  .dr*  .•  '  odd 

rt>aqD  oeV? 


-  ,Ard  •  r-  r$fi 


1”I‘ 


I”I 


n£  riW 


.  (£1  y.tb- ■>■■;■'  5)  *3  «  u  ii/dd  $.  8  V  ax  A  <i  9  o^B^svr  ariT 

.1  i. 


24 


(IV-8)  the  time  constant  is  found  to  be 

97.  x  .12 

t  =  -  =  0.04  min. 

235  +  78.2 

Consequently  the  time  lag  involved  in  transferring  heat  from 
the  steam  to  the  solution  in  the  first  effect  is  negligible. 
Therefore  the  heat  transferred  can  be  defined  as 

Qs±  =  U1A1(Ts1  -  T  )  ( IV- 9) 

where 

=  overall  heat  transfer  coefficient,  btu/min.ftz  °p 
T-^  =  temperature  of  the  solution  in  the  first 

effect,  °F 

Thus,  equation  (IV-6)  is  changed  to  the  following 

Si (Hsi  -  32.)  +  U.A  T 

Ts  =  - - — •  (IV-10) 

1  1.0  Si  + 


C.  Solution  in  the  first  Effect 

Consider  now  the  diagram  of  the  first  effect  shown 
in  Figure  3.  For  this  effect,  as  indeed  for  most  chemical 
processes,  a  very  important  parameter  of  the  dynamics  is  the 
rate  of  mixing,  which  in  this  situation  is  directly  related 
to  the  circulation  rate.  For  most  evaporators  the  rate  of  cir¬ 
culation  is  probably  high  enough  to  ensure  essentially  perfect 
mixing  of  the  liquid  effected.  But  it  is  realized  that  for 
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FIGURE  3  SCHEMATIC  OF  THE  FIRST  EFFECT 
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viscous  solutions,  or  low  boiling  rates  or  constricted  pas¬ 
sages  or  a  combination  of  these,  the  circulation  rate  may  be 
sufficiently  small  to  make  perfect  mixing  a  poor  assumption . 

If  the  circulation  rate  is  low  then  it  will  be  neces¬ 
sary  to  sub-divide  the  solution  in  the  first  effect  into  sever¬ 
al  subsections.  Consider,  for  instance,  just  the  solution  above 
the  calandria.  Because  of  the  agitation  created  by  the  boiling 
action  this  subsection  can  be  assumed  to  be  perfectly  mixed. 
Therefore,  the  material  balances  are 


dWi 

-  =  F  +  Ut  -  0,  -  D  (IV-11) 

dt 


d  Wi  Ci 

-  =  FCf  +  Ut  Cut  -  D  Ci  ( IV- 12) 

dt 

where 


Wi  = 
Ci  = 
F  = 
Cf  = 
Ut  = 
Cut  = 
D  = 

°i  = 

Substituting 


holdup,  lbs. 

concentration,  wt.  fraction 
feed  rate,  lbs/min. 

concentration  of  feed,  wt.  fraction 
rate  of  solution  up  the  heating  tubes,  lbs/min, 
concentration  Ut ,  wt.  fraction 
rate  of  solution  down  the  downcomer,  lbs/min. 
vaporization  rate  from  first  effect,  lbs/min. 
(IV-11)  into  (IV-12)  yields 


dCi 

Wi  -  =  F ( Cf  -  Ci)  +  Ut (Cut  -  Ci)  +  0  Ci  (IV- 13) 

dt  1 
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The  time  constant  of  equation  (IV-13)  is 


Wi 

T  =  - 

Ut  +  F  -  01 


( IV-14 ) 


Experimental  average  values  for  Wi,  F  and  0-^  are 


Therefore , 


Wi  =  10  lbs. 

F  =  3  lbs. /min. 

0^=1  lb/min. 

10 

T  =  - 

Ut  +  2 


(IV-15) 


Thus,  in  order  to  determine  a  numerical  value  for  this  time 
constant  a  value  for  the  circulation  (Ut)  is  also  required. 

To  achieve  this  goal  a  method  for  determining  the 
circulation  rate  in  natural  circulation  systems  presented  by 
Lottes  and  Flinn(18)  was  used.  The  equation  they  presented, 
with  experimental  verification,  is 

Vin^pf  fo  Le  R  fo  Lb 

(pf  -  p )  Lb  =  -  ( -  +  -  +  2  r  pf)  (IV-16) 

2  gc  Dt  Dt 

3 

=  liquid  density,  lbs. /ft 

3 

=  bulk  density  of  liquid-vapor  mixture,  lbs. /ft 
=  length  of  boiling  section  of  tube,  ft. 

=  inlet  liquid  velocity,  ft. /min. 

=  diameter  of  tube,  ft. 

=  equivalent  length  of  tube,  ft. 
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fo  =  Fanning  friction  factor 


R,r 


correction  factors 


Recognizing  that  (P  f  -  P )Lb  is  the  hydrostatic  head  causing 
flow  through  the  heating  tubes,  it  is  seen  that  equation 
(IY-16)  is  the  standard  Fanning  equation  with  correction  terms 

added.  The  term  containing  R  corrects  for  the  difference  be¬ 
tween  two-phase  and  single-phase  friction  losses  and  the  term 
containing  r  corrects  for  pressure  losses  due  to  the  acceler¬ 
ation  of  the  fluid.  Values  for  P ,  R,  and  r  were  presented  in 
terms  of  parameter  a  ,  equal  to  the  vapor  volume  fraction  at 
the  tube  exit.  This  parameter  is  in  turn  related  to  the  vapor 
weight  fraction,  a  quantity  which  can  be  calculated  if  the  in¬ 
let  velocity  and  vapor  production  rates  are  known.  Lottes  and 
Flinn  presented  this  relationship  in  terms  of  experimental 
data  which  was  unfortunately  out  of  the  range  of  interest  for 
this  system.  However,  an  article  by  Levy (16)  was  located  in 
which  he  presented  an  experimentally  verified  equation  (equa¬ 
tion  (IV-17))  relating  vapor  void  fraction  and  weight  fraction. 


a 


4(X2Z  -  (1-X)2) 


(IV-17) 


where 


Z 


X 


vapor  volume  fraction 
vapor  weight  fraction 

ratio  of  liquid  density  to  vapor  density 
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Thus,  using  equations  (IV-16)  and  (IV-17)  the  inlet  velocity 
to  a  single  heating  tube  could  be  calculated.  A  program  to 
perform  the  necessary  trial  and  error  calculations  was  written 
and  used  to  calculate  the  inlet  velocity  for  a  wide  variety 
of  conditions  that  might  be  encountered  in  this  evaporator. 

This  program  is  illustrated  in  Appendix  3.  In  all  situations 
the  inlet  velocity  remained  very  close  to  130  ft. /min.  Since 
there  are  32  heating  tubes  in  the  first  effect  calandria,  each 
being  3/4  inch  in  diameter,  the  circulation  rate  through  the 
steam  chest  is  approximately  556  lbs. /min. 

Substituting  this  value  into  equation  (IV-15)  the 
time  constant  pertaining  to  the  solution  above  the  calandria 
is 

10 

t  =  -  =  .018  min. 

556 

In  comparison  to  the  solution  in  the  first  effect  as 
a  whole,  the  transient  response  of  the  liquid  above  the  caland¬ 
ria  is  very  rapid.  Furthermore  it  can  be  shown  that  the  time 
constants  pertaining  to  other  subsections  of  the  evaporator 
(downcomer,  solution  below  the  calandria,  etc.)  are  of  the 
same  order  of  magnitude  as  the  above.  Therefore,  it  can  be 
assumed  that  the  solution  in  the  first  effect  as  a  whole  is 
perfectly  mixed.  Thus,  the  equations  describing  the  first  ef¬ 
fect  solution  are 
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( IV-18 ) 
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dW.^ 

dt 


=  FHf  -  B,H,  -  O, Ho,  +  Q,  -  HL, 
11  11  1  1 


( IV-19 ) 


where 


dW1C1 

dt 


W, 


B1 

Hf 


H  = 


Ho. 


HL. 


Q1 

Cf 


=  FCf  - 


(IV-20) 


solution  holdup  first  effect,  lbs. 
solution  product  rate  first  effect,  lbs. /min 
feed  enthalpy,  btu/lb. 

enthalpy  of  first  effect  solution,  btu/lb. 
enthalpy  of  first  effect  vapor,  btu/lb. 
heat  loss  from  first  effect,  btu/min. 
heat  addition  to  first  effect,  btu/min, 
feed  concentration,  wt.  fraction 
concentration  of  first  effect  solution, 
wt.  fraction 


D.  Vapor  Space  of  the  First  Effect  and  the 
Steam  Chest  of  the  Second 

For  both  of  these  volumes  it  is  assumed  that  the 
vapor  present  is  uniformly  at  its  saturation  point  for  the 
prevailing  pressure.  However,  since  a  pressure  potential  is 
required  to  drive  the  vapor  from  the  first  effect  to  the 
second  effect,  the  pressure  in  each  volume  will  in  general  be 
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For  this  evaporator  the  vapor  line  between  the  two  ef¬ 
fects  is  a  2-inch  glass  pipe,  eight  feet  in  length,  with  two 
elbows,  to  give  it.  an  approximate  equivalent  length  of  30  feet. 
Using  the  Fanning  equation  and  approximate  average  values  for 
density  and  flow,  the  pressure  drop  across  the  vapor  line  is 

2 

8f  Le  W 

AP  =  - 3 - 

gc  D  p 

where 

W  =  evaporator  flow  rate  =  1  Ib/min. 

Le  =  equivalent  length  =  30  ft. 

f  =  Fanning  friction  factor  =  .0093 

D  =  pipe  diameter  =  2  inches 

3 

P  =  vapor  density  =  .027  lbs/ft 

and  therefore, 

Ap  =  0.001  psi 

Thus,  for  this  evaporator  the  pressure  in  the  first  ef¬ 
fect  and  pressure  in  the  steam  chest  of  the  second  effect  are 
essentially  equal.  Furthermore,  since  it  is  assumed  that  the 
vapor  in  both  of  these  volumes  is  saturated,  they  may  be  con¬ 
sidered  to  be  a  single  unit.  Assuming  that  the  condensate  hold¬ 
up  is  negligible,  the  equations  that  describe  the  transient  be¬ 
havior  of  the  vapor  in  these  volumes  are 

dDv. 

W1  - -  =  o  -  Sc2  (IV- 21) 

dt 
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dDv  Hv 

Vvx  ~  ~  =  0  Ho  -  Sc2Hsc2  -  Q2  +  HL2 

dt 


(IV-22; 


whers 


Dv 


Vv 


=  density  of  the  vapor,  Ibs./fr 

A. 

^  =  volume  occupied  by  the  vapor,  ft 


Sc2  =  condensation  rate  in  the  second  effect,  lbs. /min. 
Hv^  =  enthalpy  of  the  vapor,  btu/lb. 

Hsc2  =  enthalpy  of  the  condensate,  btu/lb. 

Q  =  heat  transfer  rate  in  the  second  effect,  btu/min 
HL2  =  heat  loss  from  the  vapor  line  and  steam  chest 
of  the  second  effect,  btu/min. 

It  is  seen  that  these  two  equations  are  analagous  to 
equations  (IV-1)  and  (IV-2)  describing  the  transient  behavior 
of  the  steam  in  the  first  effect  calandria,  Thus,  it  can  be 
shown,  in  exactly  the  same  manner  as  was  done  for  equations 
(IV-1)  and  (IV-2) ,  that  the  response  of  the  above  two  equations 
is  relatively  very  rapid  and  they  may  therefore  be  replaced  by 
the  algebraic  steady  state  equations 


°1  =  SC2 


°l(H°l  -  HSC2)  =  Q2  +  HL2 


However,  since  condensate  holdup  is  assumed  to  be  negligible 
Sc2(Hv1  -  Hsc2)  =  Q2  +  HL2 


and  therefore. 
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Ho  -  Hsc2  =  Hv  -  Hsc2  (IV- 22) 

Equation  (IV- 22)  means  that  the  enthalpy  of  the  vapor  leaving 
the  boiling  solution  of  the  first  effect,  Ho^,  is  equal  to  the 
enthalpy  of  the  vapor  in  the  steam  chest  of  the  second  effect, 
Ev^o  Therefore,  since  boiling-point  rise  is  negligible  for  the 
sugar-water  solutions  used  in  these  experiments,  the  temperature 
of  this  vapor  is  equal  to  the  temperature  of  the  liquid  in  the 
first  effect,  T^ . 

Therefore,  the  rate  of  evaporation  from  the  first  ef¬ 
fect  is 

(Q,  +  HLj 

0  =  - - - —  (IV- 23) 

Hev1 

where  Hev^,  the  latent  heat  of  evaporation,  is  evaluated  at  T^, 
the  temperature  of  the  first  effect  solution. 

E.  Heating  Tubes  of  the  Second  Effect 

In  this  evaporator  the  heat  transfer  coefficients,  heat 
transfer  area  and  weight  of  metal  are  of  the  same  order  of  mag¬ 
nitude  for  both  effects.  Since  these  are  the  parameters  that 
determine  the  transient  response  of  the  metallic  portions  of 
each  steam  chest,  it  is  assumed  that,  as  in  the  first  effect, 
the  response  of  the  second  effect  heating  tubes  is  rapid. 
Therefore,  the  heat  transfer  rate  may  be  expressed  in  terms  of 
an  overall  heat  transfer  coefficient.  That  is, 
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where 


q2  =  u2a2(t1  -  t2) 


(IV-24) 


U2  =  overall  heat  transfer  coefficient,  btu/min.ft 

2 

A2  =  heat  transfer  area  of  the  second  effect,  ft 
T0  =  temperature  of  the  second  effect  solution,  °F 


3  o, 


F.  Solution  in  the  Second  Effect 

For  the  second  effect  about  one  half,  or  approximately 
10  lbs.,  of  the  total  liquid  holdup  is  in  the  cyclone  separator 
and  the  rest  is  in  the  pump,  evaporator  tubes  and  connecting 
lines.  However,  in  view  of  the  fact  that  the  circulation  rate 
is  approximately  200  lbs. /min.,  the  entire  holdup  is  considered 
to  be  a  perfectly  mixed  unit.  Thus,  the  equations  describing 
the  second  effect  are 


dW, 


dt 


=  Bx  -  B2  -  02 


(IV-25) 


dW2C2 

dt 


=  B1C1  “  B2C2 


(IV-26) 


dW2H2 

dt 


=  Q2  +  B1H1  -  B2H2  -  °2Ho2  -  HL3 


(IV-27) 


where  the  subscript  2  refers  to  second  effect  properties  and 
HL^  is  the  combined  heat  loss  from  the  circulating  liquid  and 
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product  stream  from  the  first  effect  (B^ ) . 

As  mentioned  in  the  early  part  of  this  chapter,  the 
pressure  in  the  final  condenser  was  under  control  and  since  the 
separator  is  connected  to  the  condenser  by  a  short  3-inch  dia¬ 
meter  glass  pipe,  the  pressure  in  the  cyclone  and  condenser 
are  essentially  equal,  at  a  value  determined  by  the  controller 
action.  Now  it  can  be  shown,  in  a  manner  completely  analogous 
to  that  used  for  the  first  effect,  that  the  temperature  of  the 
vapor  in  the  cyclone  is  equal  to  the  liquid  temperature  and 
since  the  vapor  temperature  is  its  saturation  temperature  for 
the  prevailing  pressure,  the  temperature  of  the  liquid  in  the 
second  effect  (T2)  is  determined  completely  by  the  action  of 
the  pressure  controller  on  the  condenser. 

Therefore,  since  enthalpy  is  a  function  of  concentra¬ 
tion  and  temperature,  equation  (IV-27)  above  is  redundant. 
Substituting  equation  (IV-25)  into  (IV-26)  and  (IV-27)  yields 


dC- 

— “  =  B1(C1  "  C2}  +  °2C2  ( IV-28 ) 

dt 

dH 

- -  =  Q2  -  HL3  +  B1(H1  -  H2)  -  02(Ho2  -  H2)  (IV-29) 

dt 

but  since  H2  =  f(C2,T2) 

dH  3H  dC9  9H  dT 

- =  — -  +  ( IV-  3  0 ) 

dt  dC2  dt  9T2  dt 
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For  convenience  of  notation,  let 

=  X 

=  Y 

=  Z 

Substituting  equations  (IV-28)  and  (IV-29)  into  equation  (IV-30) 
yields 

XY  +  ZB1(C1  -  C2)  +  Z02C2  =  Q2  -  HL3  +  B^f^  -  H2) 

-  °2(Ho2  -  H2J 

which  can  be  rearranged  to  give  the  following  expression  for  0  : 

Q9  -  HL.  +  B  (H  -  H  )  +  ZB  (C  -  C  )  -  XY 

0  =  _± - ± ± ± - ± - - - ^ ± -  ( IV- 31) 

ho2  -  h2  +  zc2 

Equation  (IV- 31)  along  with  the  material  and  concentration  bal¬ 
ances  thus  define  the  transient  behavior  of  the  second  effect. 

Upon  closer  analysis  of  these  equations  describing  the 
second  effect  it  is  seen,  that  as  written,  there  is  an  implied 
assumption,  namely  that  the  transport  lag  between  the  first 
and  second  effect  is  negligible.  For  the  majority  of  the  ex¬ 
periments  conducted  in  this  work  this  assumption  is  probably 
valid,  but  since  the  model  was  solved  on  a  digital  computer, 
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the  addition  of  transport  lag  was  relatively  simple.  Denoting 
with  a  prime  the  properties  of  the  stream  entering  the  second 
effect,  the  following  equations  describe  the  uraisport  lag. 


C^(t)  =  C1(t.  -  d) 
H^(t)  =  H1(t  -  d) 


where  d  is  the  transport  lag  and  is 


d  = 


Ap  Lp  P 


B. 


Ap  =  average  area  of  the  line  between  the  first 

-3  2 

and  second  effects  =  3.4  x  10  ft 

Lp  =  length  of  the  line  between  the  first  and  second 
effects  =  19  ft 

3 

P  =  density  of  the  flowing  stream  =  62  lbs/ft 

Assuming  a  constant  density,  the  time  delay  for  this  evaporator 
is 


4.0 


Go  Condenser 

It  is  seen  in  Figure  1  that  there  are  two  control  loops 
associated  with  the  condenser.  One  loop  controls  the  pressure 
in  the  condenser  and  the  other  regulates  the  cooling  water  rate 
in  the  condenser  coils  to  control  the  condensate  temperature. 
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It  is  acknowledged  that  for  minimum  cooling  water  con¬ 
sumption  the  condensate  temperature  should  be  controlled  at  or 
near  the  saturation  temperature  corresponding  to  the  pressure 
of  the  condenser.  But  when  this  was  attempted  there  was  con¬ 
siderable  interaction  between  the  control  loops.  This  inter¬ 
action  made  it  impossible  to  maintain  a  pressure  free  from  perio¬ 
dic  fluctuations.  Moreover ,  these  fluctuations ,  for  reasons 
that  will  be  explained  in  Chapter  VIII,  were  very  disrupting  to 
the  system.  Therefore,  the  condensate  was  sub-cooled  approxi¬ 
mately  20°F  and  in  this  manner  a  steady  condenser  pressure  was 
achieved.  Being  operated  in  this  fashion, the  condenser,  so  far 
as  the  rest  of  the  evaporator  was  concerned,  behaved  essentially 
as  a  constant-pressure  condensate  sink.  This  constant  pressure 
thus  produced  a  constant  temperature  in  the  solution  in  the  se¬ 
cond  effect. 


H,  Controllers 

Except  for  enthalpy  data  and  numerical  values  for  the 
system  parameters,  all  that  is  required  for  completion  of  the 
model  are  equations  describing  the  control  action.  The  control¬ 
lers  shown  in  Figure  1  are  all  Foxboro  electronic,  proportional 
plus  reset  controllers  with  the  concentration  controller  having 
rate  action  as  well.  It  is  assumed  that  all  valves  and  trans¬ 
mitters  respond  rapidly  and  that  the  controllers  behave  ideally. 
That  is,  the  action  of  a  proportional-reset-rate  controller  is 
described  by 
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where 


Kc 

Ti 

Td 


e 

m 

mo 


1  de 

m  =  Kc  (e  +  —  j  edt  +  Td  — ■)  +  mo 

Ti  dt 

proportional  constant 
integral  time 
rate  time 
error  signal 

controller  output  signal 

controller  output  signal  at  steady  state 


Referring  to  Figure  1,  it  is  seen  that  the  product  stream 
from  the  first  effect  (B^)  is  controlled  by  a  flow  controller 
whose  set  point  is  established  by  the  liquid  level  controller 
of  the  first  effect .  The  equations  describing  this  flow  con¬ 
troller  are 


where 


100.  1  _ 

-  (Eb  +  -  /  Eb  dt)  +  Cb 

Kb  1  Tb  1  1 


and 


Cb1  =  output  of  flow  controller  0  -  100% 

Kb^  =  proportional  band,  0  -  100% 

Tb^  =  integral  or  reset  time,  mins. 

=  output  of  level  controller,  0  -  100% 

Fb^  =  output  of  flow  transmitter,  0  -  100% 

For  the  purpose  of  establishing  the  dynamic  response  of  this 
control- loop  it  is  assumed  that  the  output  of  the  flow  trans¬ 
mitter  is  linear  with  regards  to  flow  and  that  the  relationship 


J 


,  -  ■  'J 


f 

■ 


-■ 


- 

•  -  :  ■  . / 

.  r*i.  'V  - 


■ 


'  /  y  . 


. 


.cia } 


;  ;  •  .  ■.  . 


,  I  >r  ■  '  :■  :  .  -  : 


- 

910.1W 

\ 

'  V 

> 

>* 

1 


40 


between  controller  output  (Cb-^)  and  flow  is  linear,  i.e. 

Fb^  =  Kft  +  constant 
=  Kv^Cb^  +  constant 

where  Kft  and  Kv^  are  the  proportionality  constants.  Substitut¬ 
ing  these  expressions  into  equation  (IV-32)  yields 


100.  Kvx 


1 

L,  -  Kft  B,  +  -  /  (L, 

Tb4 


-  Kft  B^ -  const. ) dtj  +  constant  ( IV—  33) 

Differentiating  equation  (IV-33)  and  extracting  the  character¬ 
istic  equation  yields 

Kb.Tb1  dB, 

(Tb,  +  - - - - - )  — -  +  B.  =  0 

100.  Kft  Kv1  dt 


The  term  in  brackets  is  of  course  the  time  constant.  For  this 
work  the  values  for  the  various  parameters  are 

Kb1  =  170% 

Tb-^  =  .2  min. 

Kft  =  29 . 7%/lb. /min.  (Appendix  13) 

Kv^  =  .073  lbs. /min. /%  (Appendix  13) 


Substituting  these  values  into  equation  (IV-33)  yields 
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Therefore,  the  response  of  this  control  loop  is  quite  rapid 
and  it  can  be  assumed  that  the  flow  is  always  at  its  set  point. 

For  the  actual  solution  of  the  model  the  above  approxi¬ 
mate  linear  correlation  between  flow  and  flow- transmitter  out¬ 
put  need  not  be  used  since  a  more  exact  equation  can  be  obtained. 
During  this  work  the  average  correlation  between  flow  and  flow- 
transmitter  output  could  be  represented  by 

Bx  5=5  .44(Fb1)-48 

and  therefore,  since  the  flow  is  considered  to  be  always  at 
its  set  point, 

B1  =  .44(Lxr48 

where  is  the  output  of  the  first  effect  level  controller. 

The  equation  describing  the  level  control  of  the  first 

effect  is 

100.  1  _ 

L,  =  -  j(EL  +  -  f  EL  dt)  +  L  (IV- 34} 

KLX  1  TL1 

where  EL^  is  the  error  signal  and  KL^  and  TL^  are  the  control¬ 
ler  settings.  If  is  the  liquid  holdup  in  the  first  effect 
when  the  level  is  at  its  set  point  then 

(W  -  WJ 

EL  =  KLt  ± - —  ( IV- 35) 

1  Ax1  pw 


Ax 


x-section  area  of  first  effect  =  .37  ft 


where 
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pw  =  density  of  water 

KLt^  =  proportional  constant  of  transmitter, 

%/  inches  of  water 

The  liquid  level  controller  on  the  second  effect  is 
completely  analogous  to  the  above.  That  is, 

100.  1 

-  (EL  +  -  /  EL  dt)  +  L?  (IV- 3 6) 

kl2  tl2  2 

KLt2^W2  “ 

Ax2  w 

However,  for  the  second  effect  the  liquid  level  controller  out¬ 
put  goes  directly  to  the  valve  in  the  product  line  rather  than 
to  the  set  point  of  a  flow  controller.  This  valve  is  a  Foxboro, 
model  V-4  needle  valve  with  parabolic  plug,  as  are  all  valves 
on  the  evaporator.  The  valve  characteristic  for  this  type  of 
valve  can  be  expressed  by 

%  of  maximum  flow  =  10’^^  +  (IV-37) 

where  v  is  the  valve  position  in  percent.  If  B.~,  is  the  flow 
rate  at  steady  state  and  v  the  valve  position,  then 
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EL, 


and 


B2max  1Q . 424  +  «Q158v 
100 


B^max 
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Dividing  the  first  equation  by  the  second  yields 


B 


2 


. 0158 (v-v) 


Further,  if  the  dynamic  response  of  the  valve  motor  is  neglected 
then 


B2  =  B2  10*0158 (L2_L2)  ( IV-38 ) 

where  (L2  -  L^-)  is  the  deviation  in  percent  of  the  second  ef¬ 
fect  level  controller  from  its  set  point. 

As  can  be  seen  in  Figure  1,  the  composition  of  the 
second  effect  product  acts  through  a  controller  to  establish 
the  set  point  of  the  flow  controller  for  the  steam  to  the  first 
effect.  This  flow  control  loop  is  analogous  to  the  flow  control 
loop  of  the  first  effect  product  stream  and  it  can  be  shown 
that  it  also  may  be  assumed  to  be  always  at  its  set  point. 

This  set  point  is  equal  to  Cc2  the  output  of  the  concentration 
controller.  Substituting  Cc2  into  the  equation  describing  the 
steam  flow  correlation  curve  for  this  evaporator  yields 

4  5  5 

Si  =  .68  SDENS  (Cc2)  (IV-39) 

where  SDENS  is  the  square  root  of  the  flowing  steams'  density. 

As  mentioned  earlier,  the  composition  controller  is  a 
proportional-reset-rate  controller  and  therefore  the  control 
action  is  approximated  by 

100  1  dEc2  _ 

Cc2  =  -  (Ec2  +  -  /  Ec2c^t  +  Tc*c2  - )  +  Cc2  (IV-40) 

Kc2  Tc2  dt 
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Ec2  =  Kr2(C2  '  C2> 


where 


-  desired  product  composition,  wt.  fraction 
Kr^  =  proportionality  constant  of  the  composition 


Tdc, 


transmitter,  %/wt.  fraction 
=  derivative  time  of  the  controller,  min 


Cc0  =  controller  output  at  steady  state,  % 

The  transient  behavior  of  the  evaporator  is  unaffected 
by  the  action  of  the  remaining  controllers  associated  with  the 
evaporator  and  therefore  they  need  not  be  considered  in  the 
dynamic  model. 


I,  Physical  Parameters  and  Enthalpy  Data 


The  only  remaining  requirements  for  completion  of  the 
model  are  data  for  pertinent  physical  parameters  of  the  evapor 
ator  and  data  relating  temperature,  concentration  and  enthalpy 
for  the  sugar-water  solution  used. 

The  data  for  the  pertinent  parameters  of  the  system 


are 


Ax. 


KLt . 


Kr 


2 

Pw 


9.3  ft2 
3.9  ft2 

Ax ^  =  0.37  ft2 

KLt 2  =  46.7  %/ft.H20 

1000. 

62.4  lbs./ft^ 


■  •  •'  •  •  ? 


:  >  ■  •  -  ,  - 

■ 

‘  .  .  "■  '  ;  :■  -  ■  •'  ■■  - 

^91  %»W 


■ 


:  :  '  ..  • 

■ 


, 


" 

i 

*  1  » 


-- 


.  '•  ,*■  r>  '  ' 

V  >  •  ■  -  -  M  ’  r  ■'  '  'f-  .  ■  J  •-  -  • 

^  •  "S, 


. 


. 


45 


As  will  be  pointed  out  later,  the  heat  transfer  coefficients 
and  heat  losses  for  each  run  were  calculated  from  experimental 
data.  Also,  since  the  steam  input  conditions  varied  somewhat 
between  experiments  the  steam  enthalpy  (Hsi)  and  square  root  of 
density  (SDENS)  were  fed  to  the  computer  for  each  simulation. 

For  the  enthalpy  data  a  paper  by  Higbie(lO)  was  re¬ 
ferred  to  in  which  he  presents  the  partial  enthalpies  of  water 
and  sugar  in  sucrose  solutions  for  sugar  concentrations  up  to 
65%  and  for  temperatures  between  32°F  and  200°F. 

For  concentrations  between  0%  and  15%  and  temperatures 
between  140°F  and  200°F  (the  ranges  applicable  to  this  work) 
the  following  empirical  equation  was  developed  and  used  in  this 
work 

H  =  T ( 1 .  -  .454C)  +  6 . C  -  32.1 
where  C  is  the  weight  fraction  of  sugar.  The  enthalpies  cal¬ 
culated  from  this  equation  were  compared  with  enthalpies  cal¬ 
culated  using  the  Higbie's  partially  enthalpy  data  directly 
for  all  data  points  within  the  above  ranges  and  in  all  cases 
the  agreement  was  better  than  .1%. 


J.  Summary  of  Model 


For  convenience,  the  equations  constituting  the 
model  of  this  evaporator,  in  summary  are 
dW, 

—  -  F  -  °i  -  Bi 


dt 


F 


(IV-18) 
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dW,H 

-  =  FHf  +  Q1  -  B.^  -  01Ho1  -  HLX  (IV-19) 

dt 


dW1C1 

dt 


FCf  -  B1C1 


dW, 


dt 


B1  -  B2  -  °2 


dW2C2 

dt 


BlCi  "  B2C2 


Q- 


UlAl(Tsl  "  Tl} 


( IV-20) 

(IV- 25) 

( IV-26 ) 

( IV- 9 ) 


Si (Hsi  +  32.)  +  U, A. T, 

Ts,  =  - -  1  (IV-10) 

U1A1  +  1.0  Si 

(H1  +  32.1  -  6.  C1) 

1  (1.  -  .454  C1) 

(Q9  +  hl9) 

0,  =  — - - —  (IV-23) 

HeVj^ 

Q2  =  U2A2(Tx  -  T 2 )  ( IV-24 ) 


Q9  -  HL-s  +  B,  (H'  -  H9)  +  ZB,  (C9  -  C '  ) 

0  =  — - - - - - - - - - - - - - —  ( IV-31 ) 

Ho,  -  h2  -  zc2 
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B1  =  .  44  (L^) 
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100.  1 

-  (EL,  +  -  /  EL.  dt)  +  L 

KL1  1  TL1  1 


B“  10  *  0158  ^L2  "  L2> 
2 


100  1 

-  (EL9  +  -  /  EL-dt) 

kl2  tl2 


2.05  (W2  -  W2) 


.68  SDENS  (CC2)-455 


100  1  dEc2 

-  (Ec  +  -  J  Ec^dt  +  Tdc2  - — ) 

Kc2  Tc2  dt 


( IV-34 ) 

(IV-38) 

(IV-36) 

(IV-39) 

+  Cc2  (IV-40) 


1000.  (C2  -  c2) 
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V.  EQUIPMENT 
A.  Basic  Process 

During  the  design  of  this  evaporator  no  attempt  was  made 
to  optimize  the  design  nor  to  design  to  rigid  specifications, 
rather  it  was  hoped  that  the  design  would  allow  for  a  fairly 
wide  range  of  operating  conditions.  However,  in  order  to  have 
a  place  to  start,  a  feed  flow  rate  of  100  lbs. /hr.  was  assumed 
and  the  body  size  of  each  effect  selected  so  as  to  give  the 
evaporator  overall  time  constants  roughly  equivalent  to  indus¬ 
trial  sized  evaporators. 

The  bodies  of  each  effect  are  constructed  of  glass  sup¬ 
plied  from  the  standard  inventory  of  QVF  Glass  Limited.  The 
separator,  condenser  and  vapor  line  between  the  first  and  se¬ 
cond  effects  are  also  QVF  glass.  Figure  4  is  a  diagram  of  the 
glassware  with  its  dimensions.  Double  lucite  cylinders  are 
mounted  on  the  outside  of  the  first  effect  glassware,  the  vapor 
line  and  the  steam  chest  of  the  second  effect  to  insulate  against 
heat  losses.  The  shape  of  the  cyclone  made  it  difficult  to  use 
lucite  cylinders  for  insulation,  so  for  the  course  of  this  work 
the  cyclone  was  wrapped  in  fibre  glass,  a  more  satisfactory 
insulation  to  be  added  later. 

Stainless  steel,  types  304  and  316,  was  used  in  the  con¬ 
struction  of  all  metal  parts  of  the  evaporator.  Similarly  all 
liquid  lines  were  made  from  stainless  steel  pipe  and  tubing. 
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FIGURE  4  EVAPORATOR  GLASSWARE 
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The  precaution  of  using  stainless  steel  was  taken  because  cor¬ 
rosion  in  a  previous  evaporator  in  use  in  the  unit  operations 
lab  had  been  rather  severe.  Also  the  use  of  copper  on  other 
pieces  of  equipment  in  the  lab  had  not  been  entirely  satisfactory. 

As  mentioned  previously,  the  steam  chest  of  the  first 
effect  is  annular  in  shape,  the  outside  diameter  being  9  inches 
and  the  diameter  of  downcomer  3-3/4  inches.  The  overall  length 
of  the  chest  is  18  inches  and  there  are  32  3/4-inch  x  16  gauge 
heating  tubes.  Steam  is  admitted  to  the  mid-point  of  the  out¬ 
side  shell  and  condensate  withdrawn  from  the  bottom.  (Figure  5) . 

A  small  reservior  is  mounted  in  the  1/2-inch  condensate  line  in 
which  the  level  is  controlled  to  prevent  the  loss  of  live 
steam. 

Three  1-inch  x  16  gauge  tubes,  6  feet  in  length,  con¬ 
stitute  the  heating  surface  of  the  second  effect.  Condensate 
in  this  effect  is  withdrawn  through  a  hole  bored  in  through  the 
side  of  the  10-inch  diameter  bottom  plate  into  which  the  3 
heating  tubes  are  welded.  Vapor  loss  is  prevented  by  maintain¬ 
ing  a  level  of  condensate  in  the  bottom  of  the  vapor  space  a- 
round  the  tubes.  The  pressure  taps  for  the  liquid  level  trans¬ 
mitter  enter,  one  through  the  side  of  the  bottom  plate  and  the 
other  through  the  glass  tee  at  the  steam  inlet.  (Figure  4) 

The  heating  tubes  are  sealed  in  the  10- inch  diameter  top  plate 
by  0-rings  to  allow  for  the  difference  in  thermal  expansion  of 
the  stainless  steel  heating  tubes  and  outer  glass  wall  to  which 
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the  plates  are  clamped.  Vapor  is  admitted  to  the  bottom  part 
of  the  second  effect  so  as  to  allow  the  removal  of  accumulated 
air  without  much  loss  of  live  vapor.  The  current  of  vapor  up 
the  steam  cavity  before  condensing  on  the  tubes  creates  a  foun¬ 
tain  effect  which  causes  the  air  to  accumulate  at  the  top  from 
where  it  is  bled  through  a  hole  in  the  side  of  the  top  plate. 
The  method  used  to  prevent  loss  of  live  vapor  through  the  bleed 
line  will  be  explained  later  in  this  chapter.  Were  the  vapor 
to  enter  the  top  of  the  steam  cavity  the  air  would  accumulate 
at  the  bottom  but  its  removal  would  be  complicated  by  the  pre¬ 
sence  of  condensate. 

One  unique  feature  in  the  design  of  this  evaporator  is 
the  use  of  a  multi-valve  for  switching  from  forward-feed  to 
reverse-feed  operation.  A  schematic  diagram  of  the  valve's 
operation  can  be  seen  in  Figure  5.  The  inputs  to  this  valve 
are  the  three  solution  streams,  that  is,  feed,  product  from  the 
first  effect  and  product  from  the  second.  At  one  end  of  its 
stroke  the  valve  directs  the  streams  for  forward-feed  operation 
while  at  the  other  end  for  reverse-feed.  The  controls  of  the 
evaporator  are  also  organized  so  that  the  mode  of  operation  can 
be  reversed  by  merely  flipping  a  switch. 

It  can  be  seen  in  Figure  5  that  the  condensate  lines 
from  the  second  effect  and  final  condenser  run  into  a  run-down 
tank  which  has  cooling  coils  in  it.  The  potential  for  flow  of 
these  two  streams  into  the  tank  was  provided  by  connecting  the 
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FIGURE  5  SIMPLIFIED  SCHEMATIC  OF  THE  EVAPORATOR  PIPING 
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steam  ejector,  used  to  create  the  vacuum  for  this  evaporator, 
directly  to  this  run-down  tank.  Arranging  the  condensate  re¬ 
moval  in  this  fashion  eliminates  the  problem  of  having  to  pump 
two  condensate  streams  at  or  near  their  saturation  points  from 
a  vacuum  to  atmospheric  pressure.  Another  problem  that  would 
occur  if  individual  pumps  were  used  for  these  condensate  streams 
is  the  start  up  difficulty.  For  reasons  that  will  be  pointed 
out  in  Chapter  VI  it  is  necessary  to  evacuate  the  evaporator 
before  turning  on  the  steam.  Therefore,  since  the  pumps  will 
not  prime  themselves  against  a  pressure  once  the  evaporator  is 
evacuated,  they  would  have  to  be  in  operation  for  some  time 
prior  to  the  production  of  any  condensate.  Thus,  it  would  be 
necessary  to  have  or  add  a  certain  inventory  of  condensate  to 
the  system  prior  to  startup. 

Two  other  pumps  on  the  evaporator  are  a  Viking  model 
5H54F  gear-pump  for  the  first  effect  product  stream  and  a  Rob¬ 
bins  and  Myers  model  1L4  Moyno  pump  for  circulation  in  the 
second  effect.  A  considerable  amount  of  difficulty  was  encoun¬ 
tered  with  the  circulation  stream  of  the  second  effect.  Initi¬ 
ally  the  line  from  the  separator  to  the  circulation  pump  was 
constructed  of  1/2-inch  pipe,  however,  for  a  pipe  of  this  size 
any  vapor  bubbles  or  air  bubbles  in  the  line  retarded  the  liquid 
flow  enough  to  starve  the  pump  and  cause  considerable  noise  and 
vibration  due  to  cavitation.  This  line  was  replaced  with  1-inch 
tubing,  but  even  then  cavitation  sometimes  occurred.  The  final 
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piping  configuration  used  consisted  of  a  2-1/2-inch  pipe 
mounted  vertically  on  the  pump  and  extending  up  to  a  point 
above  the  liquid  level  of  the  separator  with  a  1-1/2-inch  pipe 
extending  from  the  separator  info  the  side  of  the  stand-pipe. 

The  heat  of  liquid  in  the  cyclone  is  enough  to  drive  the  solu¬ 
tion  into  the  stand-pipe  through  the  1-1/2-inch  line  and  any 
vapor  or  uncondensibles  in  the  stand-pipe  can  rise  without  imped¬ 
ing  the  flow  and  escape  through  the  top  of  the  stand-pipe  which 
is  connected  to  the  vapor  space  of  the  separator  by  a  1/4-inch 
line. 

Two  other  pumps  used  in  the  evaporator  operation  are 
both  Fostoria  Corporation  model  882E  dynapumps.  One  is  used 
for  general  materials  movement  in  preparing  feed,  etc.  and  the 
other  is  the  feed  pump. 

Feed  is  stored  in  two  200-gallon  glass-lined  hot  water 
tanks,  the  product  in  a  140-gallon  tank  and  the  condensate  in 
another  200-gallon  glass-lined  tank.  A  piping  system  was  con¬ 
structed  so  that,  with  the  pump  provided,  various  operations  such 
as  filling,  draining  and  mixing  of  individual  tanks  or  the  blend¬ 
ing  of  new  feed  from  the  product  and  condensate  could  be  per¬ 
formed.  This  necessitated  the  use  of  some  fifteen  valves,  so 
for  convenience,  solenoid  valves  were  used.  To  perform  any  one 
pumping  operation  on  the  tanks  a  certain  combination  of  valves 
must  be  on  and/or  off,  but  because  of  the  number,  there  was  some 
concern  about  the  possibility  of  an  error  causing  the  ruin  of  an 


. 


' 

■ 


■  '•  ■  J  •  '  ■ 

■ 

' 

.• 

■  ■ 

•  .r  10  UOq&V 


■ 


, 


... 


■ 


'  V,  - 


1 

.  -- 

. 

* 

V 

■ 


£19* 

r  .  ’**  -  **.  ■  j 

y 


■■■ 


■  <.  > 


55 


experiment.  As  a  safeguard  against  this  possibility,  a  solenoid 
switching  arrangement  was  designed  which  prevents  the  perfor¬ 
mance  of  any  pumping  operation  that  might  ruin  an  experiment  while 
the  evaporator  is  in  operation.  Details  are  given  in  Appendix 
2. 

Figure  6  is  a  diagram  of  the  angle-iron  framework  used 
to  hold  the  evaporator.  The  framework  was  bolted  to  the  floor 
and  braced  so  as  to  minimize  vibrations.  Figures  7,  8  and  9 
are  photographs  of  the  evaporator  as  it  appears  ready  for  opera¬ 
tion  . 

B.  Control 

As  mentioned  in  Chapter  I,  a  necessary  prerequisite  for 
the  quantitative  study  of  the  control  of  a  process  is  a  model 
describing  the  transient  behavior.  However,  since  the  aim  of 
this  work  is  to  develop  and  test  such  a  model  there  was  none 
available  at  the  time  the  control  scheme  was  being  designed  and 
thus  the  study  of  various  control  schemes  consisted  mainly  of 
qualitative  considerations  based  upon  engineering  intuition. 
Designing  the  control  scheme  in  this  manner  resulted  in  the 
control  configuration  being  altered,  on  the  process  *  four  times 
before  establishing  a  configuration  that  worked  satisfactorily « 

In  the  majority  of  continuous  separation  processes  the 
ultimate  aim  of  controls  on  the  process  are  to  maintain  the  pro¬ 
duct  at  a  certain  composition.  For  evaporators. the  most  common 
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FIGURE  6  EVAPORATOR  FRAMEWORK 
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FIGURE  7  EVAPORATOR 
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way  of  achieving  this  goal (24)  is  to  regulate  the  product  stream, 
throttling  back  for  enrichment.  The  level  in  each  effect  of  a 
multi-effect  chain  is  then  maintained  by  regulating  the  feed  to 
that  effect.  The  major  criticism  of  this  type  of  control  is 
that,  assuming  feed  composition  and  enthalpy  to  be  relatively 
constant,  the  through-put  of  the  evaporator  is  determined  by 
the  steam  rate  to  the  first  effect  which  necessitates  operator 
manipulation  of  the  steam  rate  to  take  care  of  rising  or  falling 
feed  or  product  inventory. 

It  was  felt  that  this  control  scheme  was  incompatible 
with  the  present  day  "system"  philosophy  of  control  design  which, 
crudely  stated,  means  designing  controls  so  as  to  remove  the 
need  for  inventories  between  various  operations  in  a  process 
system.  With  this  in  mind  it  was  decided  that  for  this  evapora¬ 
tor  the  feed  rate  would  be  unavailable  as  a  variable  for  achiev¬ 
ing  the  desired  control. 

In  the  following  descriptions  of  the  various  control 
schemes  tried,  Figures  10,  11,  12  and  13  are  referred  to,  which 
require  some  preliminary  explanation.  The  first  three  figures  are 
simplified  schematic  diagrams  in  which  those  controls  not  di¬ 
rectly  influencing  the  system  dynamics  are  omitted.  Product 
compositions  are  measured  with  Waters  and  Associates  Monoline 
Ref ractometers  depicted  as  REF  in  the  diagrams.  EMF- to- current 
converters  are  associated  with  each  ref ractometer  but  have  been 
omitted  from  the  first  three  diagrams  for  clarity.  A  complete 
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legend  for  all  the  control  diagrams  is  given  in  Appendix  1. 

The  initial  control  scheme  selected  is  that  shown  in 
Figure  10.  Product  composition  was  controlled  by  regulating 
the  product  rate.  The  level  in  the  second  effect  was  controlled 
by  regulating  its  feed  stream,  which  is  the  product  from  the 
first  effect  and  the  level  in  the  first  effect  was  controlled 
by  regulating  the  steam  rate.  This  control  scheme,  however, 
proved  to  be  unsatisfactory  since  stable  operation  could  not  be 
achieved.  The  problem  lay  in  the  fact  that  the  first  effect 
level  is  less  sensitive  to  steam  changes  than  are  the  down¬ 
stream  variables.  For  instance,  in  the  course  of  experiment¬ 
ing  with  this  control  scheme  it  was  noticed  that  the  steam  rate 
had  a  greater  influence  on  the  second  effect  level  than  on  the 
level  of  the  first  effect  even  though  the  x-sectional  areas  of 
both  effects  are  equal  and  the  latent  heats  of  evaporation  are 
approximately  equal.  Though  this  result  caused  some  consterna¬ 
tion  initially,  it  can  be  explained  by  considering  the  result 
of  say  a  step  up  in  steam  rate.  The  solution  temperature  as 
well  as  the  vaporization  rate  will  rise  and  thus  since  the 
temperature  of  the  second  effect  is  constant,  the  vaporization 
rate  of  the  second  effect  rises  enough  to  compensate  for  both 
the  increased  heat  transfer  from  the  first  effect  vapor  and  the 
warmer  feed.  There  is  also  a  reduced  quantity  of  liquid  feed 
to  the  second  effect. 

For  this  reason  it  was  decided  to  rearrange  the  controls 
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FIGURE  10  SIMPLIFIED  SCHEMATIC  OF  THE  FIRST  CONTROL  SCHEME 
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to  that  shown  in  Figure  11,  where  the  level  in  the  first  effect 
was  controlled  by  regulating  its  product  and  the  second  effect 
level  controlled  by  regulating  the  steam.  Product  composition 
was  still  controlled  by  regulating  product  flow.  However, 
this  control  scheme  performed  nearly  as  badly  as  the  previous 
one,  giving  indications  that  exceedingly  ”weakV  control  action 
was  required  to  achieve  stable  operation.  Experimentally  it 
appeared  as  though  interaction  between  the  composition  control 
loop  and  the  level  control  loop  of  the  second  effect  was  the 
chief  problem.  More  specifically,  as  will  be  pointed  out  quan¬ 
titatively  in  Chapter  VIII,  the  difficulty  lay  in  the  fact  that 
steam  rate  influences  the  second  effect  composition  more  than 
the  second  effect  level.  Therefore,  it  was  decided  to  try  to 
control  the  product  composition  by  regulating  the  steam  flow. 

During  the  consideration  of  this  method  of  control 
there  was  some  concern  about  the  lags  involved  for  a  feed  com¬ 
position  change  to  be  felt  in  the  second  effect  product.  There¬ 
fore,  it  was  decided  to  try  the  control  scheme  shown  in  Figure 
12,  where  the  first  effect  product  composition  regulated  the 
steam  rate  and  the  second  effect  product  composition  established 
the  set-point  of  the  first  effect  composition  controller.  The 
levels  in  each  effect  were  controlled  by  regulating  their  pro¬ 
duct  streams. 

This  control  scheme,  however,  performed  no  better  than 
the  first  two.  Attempts  to  find  the  right  combination  of  con- 
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FIGURE  II  SIMPLIFIED  SCHEMATIC  OF  THE  SECOND  CONTROL  SCHEME 
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troller  settings  for  the  two  concentration  controllers  proved 
to  be  fruitless.  The  reason  for  this  difficulty  became  apparent 
once  the  model  was  completed  and  analyzed. 

This  control  scheme  is  basically  a  cascade  control  loop 
which  is  especially  suited  for  correcting  for  supply  or  input 
changes.  The  thought  behind  this  scheme  was  that  changes  in 
the  concentration  of  the  input  to  the  second  effect  (i.e.  pro¬ 
duct  from  the  first  effect)  would  be  measured  and  a  correcting 
action  undertaken  prior  to  these  changes,  altering  the  second 
effect  concentration  to  any  great  amount.  The  factor  not  ini¬ 
tially  realized  is  that  the  other  input  to  the  second  effect, 
namely  the  vapor  from  the  first  effect,  from  a  dynamic  point  of 
view, has  the  greater  influence  on  composition. 

It  was  shown  in  Chapter  IV  that  the  dynamics  of  vapor 
holdup  are  negligible  and  thus  as  soon  as  vapor  is  generated 
from  the  first  effect  it  condenses  in  the  second  effect  and 
since  the  second  effect  temperature  remains  constant  this  in¬ 
creased  heat  transfer  immediately  results  in  increased  vaporiza¬ 
tion  from  the  second  effect.  Also,  since  the  holdup  in  the  two 
effects  is  not  greatly  different  and  the  solution  in  the  second 
effect  is  more  concentrated  than  that  in  the  first,  changes  in 
vaporization  rate  result  in  larger  concentration  changes  in  the 
second  effect  (i.e.  Removing  1  lb.  of  solvent  from  a  10%  solu¬ 
tion  results  in  a  greater  change  than  removing  1  lb.  of  solvent 
from  a  similar  amount  of  5%  solution.) 
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Thus,  the  pertinent  result  is  that  a  steam  flow  change 
alters  the  second  effect  concentration  almost  as  quickly  but 
to  a  greater  degree  than  it  alters  the  first  effect  concentra¬ 
tion  and  since  the  inner  control  loop  required  a  fairly  large 
proportional  band  for  stability  the  net  result  of  this  cascaded 
control  is  to  add  another  lag*  to  the  control  loop. 

Therefore,  the  control  scheme  was  altered  to  that  shown 
in  Figure  13  where  the  second  effect  product  composition  is 
controlled  by  regulating  the  steam  to  the  first  effect  and  the 
level  of  each  effect  controlled  by  regulating  the  product  flow 
rates.  Utilizing  this  scheme  satisfactory  control  of  the  evapor¬ 
ator  was  achieved,  the  evaporator  returning  to  steady  state 
within  approximately  three  hours  when  tested  with  a  variety  of 
input  disturbances.  An  additional  benefit  that  arises  from  this 
control  scheme  is  that  to  switch  from  forward  to  backward  feed 
the  input  to  the  composition  controller  is  changed  from  the 
composition  transmitter  (i.e.  Ref ractometer-EMF  converter  com¬ 
bination)  of  the  second  effect  to  that  of  the  first  effect, 
the  two  level  controllers  remaining  unchanged.  For  the  previous 
control  schemes  the  switching  arrangement  would  be  much  more 
complicated . 

Also  shown  in  Figure  13  are  all  the  auxiliary  controls 
and  monitoring  equipment  associated  with  the  evaporator.  All 
the  controllers  indicated  in  Figure  13  are  Foxboro  Electronic 
Consotrol  controllers.  The  controllers  indicated  as  recording 
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controllers  are  2-pen  recorders  with  the  signal  shown  entering 
the  controllers  as  a  solid  line  being  recorded  only.  Signals 
shown  entering  the  controllers  with  an  arrowhead  are  external 
set  points.  All  liquid  level  and  flow  transmitters  are  type 
613DM  Foxboro  Electronic  Consotrol  d/p  transmitters  with  flow 
transmitters  having  integral  orifice  attachments  for  all 
streams  except  the  steam  where  an  external  orifice  was  used. 

The  pressure  transmitters  on  the  condenser  and  first  effect  are 
both  type  611  Foxboro  Electronic  Consotrol  pressure  transmitters. 
The  temperature  transmitter  on  the  condenser  is  actually  a  cop- 
per-constantan  thermocouple  used  in  conjunction  with  a  type  693 
Foxboro  EMF-to-current  converter. 

It  is  seen  in  Figure  13  that  the  valve  in  the  vacuum 
line  to  the  steam  side  of  the  second  effect  is  regulated  by  a 
controller  receiving  a  signal  from  a  differential-vapor-pressure 
transmitter.  This  DVPT,  supplied  by  Foxboro,  is  actually  just 
a  standard  type  613DM  d/p  cell  transmitter  with  the  modification 
that  the  high  pressure  side  of  the  cell  is  connected  to  a  sealed 
vapor  pressure  system  containing  a  sample  which  in  this  case 
is  water.  In  normal  operations  this  DVPT  indicates  changes  in 
the  composition  of  a  vapor  by  comparing  the  pressure  of  the  va¬ 
por  through  a  pressure  tap  connected  to  the  low  side  of  the  d/p 
cell,  to  the  vapor  pressure  of  the  sample  sealed  in  the  probe 
connected  to  the  high  side  of  the  d/p  cell.  However,  on  this 
evaporator  the  DVPT  acts  more  as  a  differential  temperature 
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transmitter.  As  was  mentioned  in  the  early  part  of  this  chapter 
the  current  of  vapor  in  the  second  effect  tends  to  cause  any 
air  coming  into  the  system  (i.e.  dissolved  in  the  feed)  to 
accumulate  at  the  top  of  the  steam  chest.  This  stratification 
results  in  the  air  layer  having  a  pressure  equal  to  that  of  the 
vapor.  Thus  in  principle  a  DVPT  would  not  work  as  a  composition 
detector.  However,  as  the  probe  was  located  at  the  top  of  the 
steam  chest  it  detected  the  presence  of  air  by  virtue  of  the 
air's  lower  temperature.  Operating  in  this  fashion  the  DVPT  and 
associated  controller  prevented  the  accumulation  of  air  in  the 
second  effect  steam  chest  without  much  loss  of  vapor. 

The  flow  control  loop  in  the  circulation  stream  of  the 
second  effect  was  put  there  to  insure  a  day  to  day  continuity 
in  the  liquid  velocity  and  thus  heat  transfer  coefficient  in 
the  heating  tubes  of  the  second  effect.  As  it  turned  out,  this 
flow  control  loop  also  contributed  to  a  smoother  evaporator 
operation  since  when  the  controller  was  put  on  manual  control 
and,  the  valve  opened  full,  there  appeared  to  be  bumping  or 
oscillation  in  the  second  effect  heat  transfer  coefficient  evi¬ 
dencing  itself  as  fluctuations  in  the  pressure  of  the  first  ef¬ 
fect.  The  control  valve  was  operated  near  full  open  so  as  not 
to  lose  too  much  pump  capacity.  The  switch  (sw)  shown  in  the 
input  to  the  recording  flow  controller  of  this  loop  was  placed 
there  so  that  one  pen  might  be  used  for  recording  either  the 
level  in  the  separator,  the  circulation  flow  or  the  output  of 
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the  DVPT,  since  neither  of  the  latter  two  signals  is  required 
for  transient  analysis,  but  may  be  required  for  steady  state 
analysis  or  at  startup.  The  other  pen  of  this  recorder-control¬ 
ler  permanently  records  the  second  effect  product  rate. 

Temperatures  at  various  locations  through  the  evapora¬ 
tor  were  measured  by  the  thermocouples  indicated  in  Figure  13. 
The  shielded  copper-constantan  thermocouples  were  supplied  by 
Thermo  Electric.  A  Honeywell  type  153  Electronik  Multipoint 
recorder  was  used  to  record  the  thermocouple  signals. 

The  only  remaining  control  operations  on  the  evaporator 
requiring  explanation  are  the  liquid  level  control  of  the  run¬ 
down  tank  and  reservoir  in  the  condensate  line  of  the  first  ef¬ 
fect.  In  both  of  these  cases  the  signal  from  the  liquid  level 
transmitter  goes  directly  to  a  valve  positioner  which  acts  as 
a  proportional  controller.  The  control  was  excellent  in  both 
cases . 

Instruments  depicted  in  Figure  13  with  a  darkened  lower 
hemisphere  are  mounted  on  a  panel  board,  the  others  being 
mounted  on  the  process.  A  picture  of  the  panel  board  is  shown 
in  Figure  14. 

C.  Operation 

Though  the  operation  of  the  evaporator  is  quite  satis¬ 
factory,  the  startup  procedure  is  somewhat  more  complicated 
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than  might  be  desired  for  an  undergraduate  unit  operations 
experiment.  However,  it  is  felt  this  is  more  a  result  of  the 
nature  of  the  process  rather  than  a  fault  of  this  particular 
evaporator . 

Because  the  system  is  under  a  vacuum  while  in  operation 
it  is  necessary  to  fill  each  effect  with  enough  solution  to  al¬ 
low  the  hieeding  of  all  d/p  cells  prior  to  start  up.  Also  since 
the  system  must  be  evacuated  before  turning  on  the  steam,  the 
product  pumps  must  be  operating,  in  the  second  effect  to  pre¬ 
vent  air  from  backing  up  the  product  line  and  in  the  first  to 
maintain  the  second  effect  level. 

This  requirement  of  evacuation  prior  to  heating  arises 
from  the  fact  that  with  the  condensing  surface  air  bound,  heat 
input  merely  increases  the  liquid  temperature,  and  when  the 
vapor  finally  reaches  the  condensing  surface  there  is  a  rapid 
drop  in  pressure  causing  high  flash  evaporation  rates,  with  a 
good  deal  of  splashing.  Because  a  perfect  vacuum  could  not  be 
drawn,  this  splashing  did  result,  to  a  degree,  in  this  evapora¬ 
tor.  Consequently,  it  is  necessary  that  levels  not  be  too  high 
at  the  onset  of  boiling  so  as  to  prevent  loss  of  solution  from 
splashing.  Because  of  the  separator  size  this  was  more  critical 
in  the  second  effect  than  in  the  first. 

The  above-mentioned  difficulties  made  it  necessary  to 
start  the  evaporator  with  the  liquid  levels  manually  controlled. 
As  soon  as  boiling  started  they  could  be  switched  to  automatic 
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With  the  controller  settings  used  in  this  work  it  was 
not  possible  to  start  with  the  composition  controller  regulat- 
ing  the  steam.  The  procedure  used  was  to  manually  set  the 
steam  rate  approximately  20%  higher  than  normal  until  the  con¬ 
centration  was  within  10%  of  its  set  point  and  then  to  return 
the  steam  rate  to  normal  and  set  the  composition  controller  on¬ 
to  automatic. 

Using  the  above-mentioned  procedures  it  took  approxi¬ 
mately  six  hours  for  the  evaporator  to  reach  steady  state  after 
startup.  As  previously  mentioned,  once  having  reached  steady 
state  it  took  approximately  three  hours  to  regain  steady  con¬ 
ditions  after  a  deliberately  imposed  upset. 

With  the  exception  of  the  ref ractometers ,  the  instrum¬ 
entation  performed  in  a  trouble-free  manner.  The  performance 
of  the  ref ractometers ,  however,  left  much  to  be  desired.  The 
problem  unfortunately  lay  in  the  basic  design  of  both  the 
measuring  head  and  amplifier  and  thus  correcting  for  it  would 
have  entailed  a  complete  remodelling.  However,  after  no  small 
amount  of  effort,  a  stage  was  reached  where  the  ref ractometers 
could  be  depended  upon  for  at  least  the  course  of  an  experiment, 
but  this  entailed  calibrating  the  ref ractometers  for  every  ex¬ 
periment  . 

The  only  other  aspect  of  the  evaporator's  operation 
that  caused  major  concern  resulted  from  the  type  of  pump  used 
for  the  feed.  The  Fostoria  Dynapump  provides  for  cooling  of 
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its  motor  by  allowing  the  pumped  solution  to  circulate  around 
the  armature  which, of  course,  results  in  heating  of  the  solu¬ 
tion.  Since  a  part  of  the  feed  pump  output  is  returned  to  the 
feed  tank  for  mixing  purposes,  the  result  is  a  gradual  rise  in 
the  feed  temperature.  A  small  heat  exchanger  was  placed  in  the 
feed  line,  with  the  cooling  water  being  manually  controlled. 
This  eased  but  did  not  completely  eliminate  this  problem. 
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VI .  EXPERIMENTAL  PROGRAM 

The  major  purpose  of  the  experimental  program  performed 
on  this  evaporator  was  to  acquire  enough  data  to  check  the 
validity  of  the  theoretical  model.  For  chemical  engineering 
processes  the  three  most  common  methods  of  achieving  this  end 
are  frequency  testing,  pulse  testing  and  transient  testing. 

Of  these  three  methods  probably  the  most  comprehensive 
is  the  first  or  frequency  testing  method.  However,  from  an 
experimental  point  of  view  it  is  also  the  most  difficult.  As 
was  mentioned  in  Chapter  III,  the  primary  difficulty  lies  in 
the  experiments  at  both  ends  of  the  range  of  frequencies  used. 
For  high  frequencies  the  response  often  is  buried  due  to  noise 
and  at  low  frequencies  the  problem  lies  in  keeping  other  para¬ 
meters  steady  for  the  duration  of  the  run.  Furthermore,  since 
the  testing  program  will  take  several  weeks  to  complete,  there 
is  the  problem  of  duplicating  experimental  conditions  from  day 
to  day. 

A  second  major  criticism  of  this  method  of  model  evalu¬ 
ation  is  that  strictly  speaking  it  is  applicable  only  to  linear 
systems.  Of  course,  the  model  could  be  linearized  and  the 
results  of  frequency  testing  compared  to  that  predicted  by 
the  linear  model,  but  this  then  adds  a  third  parameter  to  the 
final  analysis.  That  is,  besides  experimental  error  and/or 
basic  model  inaccuracies,  disparities  between  predicted  and 
actual  responses  could  also  be  partially  attributed  to  the 
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errors  inherent  is  using  linear  equations  to  describe  a  non¬ 
linear  system.  Because  of  these  reasons,  especially  the  ex¬ 
perimental  difficulty,  it  was  decided  that  frequency  testing 
would  not  be  undertaken  for  model  verification. 

The  pulse-testing  method (11)  provides  a  means  whereby 
the  same  data  that  are  obtained  from  frequency-testing,  namely 
amplitude  ratios  and  phase  angles,  can  be  obtained  for  all 
frequencies  from  the  results  of  one  test.  These  data  are 
achieved  by  operating  on  the  experimental  data  in  the  follow¬ 
ing  fashion.  Let  X  be  the  stream  or  parameter  being  measured 
and  Y  the  parameter  being  pulsed.  If  G  is  the  transfer  func¬ 
tion  relating  the  two,  then  in  Laplace  transform  notation 

X(s) 

G  ( s )  =  - 

Y(s) 

which  can  be  written  as 

00  x, 

|  e  s  X(t)  dt 

G  ( s )  =  — — 

°°  —  s  t 

f  e  Y ( t )  dt 

Jo 

Substituting  ioo  for  s  and  further  substituting  cos  (<o  t)  -  i  sin 
(cot)  for  e  'L0J  ^  yields 

00  00 

f  cos  (cot)  X(t)dt  -  i  f  sin(wt)  X(t)dt 
oJ  o 

00  00 

f  cos  (tot)  Y(t)dt  -  i  f  sin  (wt)  Y(t)dt 
oJ  oJ 


G(  i<o  ) 
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Thus,  evaluating  the  above  integrals  for  all  the  frequencies 
of  interest,  the  amplitude  ratios  and  phase  angles  of  G(iu)) 
can  be  obtained.  The  fact  that  these  data  can  be  obtained 
from  the  results  of  one  test  makes  this  method  much  more  ap¬ 
pealing  than  direct  frequency-testing.  Moreover,  on  the  basis 
of  results  published  in  the  literature (11 ,  12,  17)  it  would 
appear  that  the  accuracy  of  pulse-testing  compares  favorably 
to  frequency-testing. 

It  can  be  seen  that  as  with  frequency-testing,  pulse¬ 
testing  is  limited  to  linear  systems  and  for  this  reason  di¬ 
rect  transient-testing  rather  than  pulse  or  frequency-testing 
was  used  to  verify  the  model  in  this  work.  It  is  acknowledged 
that  in  situations  where  a  model  is  being  derived  on  the  basis 
of  experimental  data,  frequency  data  is  to  be  preferred  to 
transient  data  but  in  situations  where  a  model  has  been  de¬ 
rived  from  physical  considerations  the  pulse-testing  method 
provides  no  benefits  over  transient-testing. 

The  standard  method  of  transient  testing  is  to  apply 
a  step  to  the  pertinent  input  parameter  and  to  check  whether 
the  predicted  and  actual  responses  agree.  However,  there  is 
no  reason  why  the  disturbance  applied  could  not  be  a  pulse 
rather  than  a  step.  If  the  predicted  and  actual  responses  , 
for  a  pulse  input  did  not  agree  then  it  is  felt  that  neither 
would  the  frequency  data. 

In  the  course  of  these  experiments  on  the  evaporator, 
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the  most  serious  problem  encountered  was  the  previously 
mentioned  difficulty  with  the  concentration  measuring  refracto- 
meters.  Because  they  could  not  be  relied  upon  to  hold  their 
calibration  it  was  necessary  to  take  samples  while  the  evapor¬ 
ator  was  going  through  an  induced  transient.  Samples  (20  cc 
each)  were  taken  at  10  minute  intervals  and  in  comparison  to 
a  holdup  of  approximately  30  lbs.  per  effect  and  a  throughput 
of  approximately  3  lbs. /min.  it  was  felt  their  effect  upon 
the  system  was  negligible.  These  samples  were  analyzed  on  a 
Bellingham  and  Stanley  ref ractometer .  Using  this  instrument, 
concentrations  of  the  samples  were  determined  to  within  .01 
weight  percent. 

Another  problem  of  major  concern  was  an  apparent 
change  in  the  calibrations  of  the  two  product  flow  transmit¬ 
ters  from  day  to  day.  For  the  second  effect  or  final  product 
stream  this  problem  was  easily  overcome  since  the  product 
stream  could  be  continually  calibrated  while  the  evaporator 
was  in  operation.  However,  the  first  effect  product  stream 
could  not  be  calibrated  without  shutting  down  the  evaporator. 

It  was  felt  that  this  calibration  change  might  have  been 
caused  by  a  deposition  of  sugar  crystals  in  the  d/p  cells  as 
the  process  cooled  after  shut  down,  since  sugar  deposits  made 
it  necessary  to  dismantle  and  clean  the  second  effect  pro¬ 
duct  valve  on  two  occasions  to  restore  smooth  operation  to 
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Recognizing  that  continuous  operation  would  alleviate 
this  problem  and  further  that  most  process  equipment  prefer 
continuous  to  intermittent  operation,  it  was  decided  to  per¬ 
form  all  experiments  while  operating  the  evaporator  for  ex¬ 
tended  periods.  Thus,  all  the  experiments  were  conducted  dur 
ing  the  course  of  one  two-day  and  two  week-long  runs. 

Another  major  problem  connected  with  the  experiment¬ 
ation  was  that  of  noisy  records.  The  two  liquid  level 
transmitters  were  the  most  troublesome  in  this  regard?  the 
first  effect  due  to  the  boiling  action  and  the  second  effect 
due  to  surging  (of  unknown  cause)  in  the  circulating  stream 
entering  the  separator.  This  noise  unfortunately  carried 
through  to  the  respective  flow  steams  regulated  by  these 
liquid  levels.  The  flow  transmitter  in  the  first  effect  pro¬ 
duct  stream  had  another  obvious  source  of  noise,  namely  vapor 
ization  of  the  saturated  solution  (at  the  first  effect  pres¬ 
sure)  as  its  pressure  dropped  in  passing  through  the  valve 
and  flow  transmitter  orifice.  The  frequency  of  a  major  por¬ 
tion  of  this  noise  was  roughly  between  .3  and  .5  cps  and  thus 
could  not  easily  be  damped  electronically.  Therefore,  in 
order  to  make  the  records  more  readable  mechanical  pen-arm 
dampers  were  purchased  which  reduced  the  noise  band  width  to 
a  considerable  degree. 

Because  of  the  experimental  difficulties  mentioned 
above,  only  6  experiments  were  obtained  which  are  suitable 
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for  use  in  comparing  experimental  and  predicted  transient 
responses.  However,  it  is  felt  that  these  experiments  are 
sufficiently  diverse  in  their  operating  conditions  and  input 
disturbances  to  provide  an  adequate  test  for  the  model.  Three 
of  the  experiments  are  for  closed  loop  operation  (i.e.  product 
composition  regulating  steam  flow)  and  3  are  for  open-loop 
operation  (i.e.  steam  rate  manually  set).  The  nature  of  these 
experiments  is  given  in  Table  1-A.  An  indication  of  the  range 
of  conditions  covered  by  these  experiments  can  be  seen  in 
Table  1-B  which  lists  the  maximum  and  minimum  values  attained 
by  some  of  the  pertinent  parameters  of  the  system. 

For  all  of  these  experiments  the*  feed  composition  was 
kept  near  3%  and  save  for  changing  this  concentration,  the 
evaporator  could  not  be  operated  much  beyond  the  indicated 
limits  without  having  to  change  valve  stems  and  flow  trans¬ 
mitter  ranges. 

The  change  in  feed  conditions  at  the  start  of  experi¬ 
ments  1,  2,  5  and  6  resulted  from  switching  feed  tanks  at 
the  start  of  these  experiments.  Because  of  the  continuous 
operation  it  was  necessary  to  make  up  one  tank  of  feed  while 
feeding  frt>m  the  other  and  due  to  the  time  involved  it  was 
not  found  possible  to  duplicate  feed  concentrations  exactly. 
Further  to  this,  the  previously  mentioned  heating  of  the  feed 
from  the  feed  pump  and  the  fact  that  hot  product  was  used  in 
blending  new  feed  made  it  impossible  to  duplicate  the  feed 
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TABLE  1-A 
EXPERIMENTS 


Exp .  NO . 


1 

2 

3 

4 

5 

6 


Note 


Nature  of  Experiment 

Open-loop  response  to  a  step  up  in  feed  rate 
coupled  with  a  change  in  feed  conditions. 

Open- loop  response  to  a  step  down  in  feed 
rate  coupled  with  a  change  in  feed  conditions. 

Open-loop  response  to  a  step  up  in  steam  rate, 
feed  conditions  constant. 

Closed- loop  response  to  a  step  up  in  feed 
rate,  feed  conditions  constant. 

Closed- loop  response  to  a  step  up  in  feed 
rate  coupled  with  a  change  in  feed  conditions. 

Closed- loop  response  to  a  step  up  in  concentra¬ 
tion  controller  set  point  coupled  with  a  change 
in  feed  conditions. 

During  open- loop  operation  the  steam  flow  con¬ 
troller  is  manually  set,  whereas  during  closed- 
loop  operation  the  steam  flow  controller  is  set 
by  the  product  composition  controller. 


TABLE  1-B 

SCOPE  OF  EXPERIMENTS 


Parameter 


B. 


B, 


2 

Si 


Minimum  Value 

1 . 69  lbs/min . 

.96  lbs. /min. 
4.09% 

6.48% 

.94  lbs. /min. 


Maximum  Value 

2.80  lbs. /min. 
1.84  lbs. /min. 
4.79% 

10.12% 

1.48  lbs. /min. 
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temperature.  Thus,  a  switch  of  feed  tanks  resulted  in  a  step 
change  in  feed  concentration  and  temperature,  but  since  these 
changes  could  easily  be  incorporated  into  the  computer  simula¬ 
tion,  the  switching  of  tanks  was  made  to  correspond  with  the 
start  of  an  experiment. 
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VII.  COMPUTATIONS 

About  the  time  this  project  was  initiated,  a  digital 
computer  program  called  MIDAS  was  made  available  which,  it 
was  thought  at  the  time,  would  allow  for  the  solution  of  the 
model  with  comparable  ease.  This  program,  developed  by  R.T. 
Harnett,  L.M.  Warshawsky  and  F.J.  Sansom  at  the  Wright-Paterson 
Air  Force  Base  in  the  United  States,  belongs  to  a  class  of  pro¬ 
grams  called  Simulator  programs  which  allow  for  the  solution 
of  systems  of  ordinary  differential  equations  without  the  pro¬ 
grammer  becoming  involved  in  programming  intricacies. 

The  format  of  MIDAS  was  set  up  so  as  to  make  its  use 
very  similar  to  using  a  very  large  analog  computer  (750  opera¬ 
tional  elements) .  To  solve  a  problem,  a  flow  diagram  (very 
similar  to  an  analog  diagram)  is  drawn,  but  instead  of  wiring 
a  patch  panel,  computer  cards  are  coded,  one  for  each  opera¬ 
tional  element.  The  coding  was  very  simple,  involving  only 
the  identification  of  the  operational  elements  and  its  input 
or  inputs.  For  instance,  if  integrator  5  receives  its  signal 
from  multiplier  3  the  coded  card  would  have  an  15  starting 
in  column  7  and  an  M3  in  column  15  followed  by  an  IC5  for  the 
initial  condition  of  the  integrator.  The  benefit  of  this  pro¬ 
gram  over  an  analog  computer  is  that  the  problem  need  not  be 
scaled  prior  to  execution  and  in  fact  the  original  purpose  of 
this  program  was  for  assisting  analog  users  with  their  scaling 
problems . 
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The  simple  method  of  coding  and  the  fact  that  the  user 
does  not  have  to  be  concerned  with  logical  order  to  the  coded 
cards,  made  the  use  of  MIDAS  very  appealing.  Unfortunately, 
the  computer  time  required  for  the  solution  of  this  model 
was  found  to  be  very  much  in  excess  of  any  permissible  limit. 
Albeit  the  model  solved  via  MIDAS  was  somewhat  different  than 
that  given  in  this  thesis,  the  best  time  that  could  be  obtained 
was  computer  time  approximately  equal  to  real  time. 

The  program  supplied  its  own  "variable-step,  fifth- 
order,  predict- correct "  integration  routine  with  the  user  being 
able  to  specify  the  minimum  integration  interval  if  he  so  desires. 
In  spite  of  thus  being  able  to  keep  the  number  of  intervals  at 
a  minimum  the  execution  time  was  still  excessive  and  it  can  only 
be  assumed  that  the  internal  program  manipulations  (i.e.  sorting, 
checking,  etc.)  were  the  main  cause  of  the  slow  execution  rate. 

About  the  time  MIDAS  was  being  dismissed  as  a  possible 
vehicle  for  the  solution  of  this  model  the  developers  of  MIDAS 
issued  a  new  simulator  program  called  MIMIC  which  they  claimed 
was  10  to  15  times  more  efficient  than  MIDAS.  In  spite  of 
this  increased  efficiency  it  appeared  that  the  computer  time 
required  to  solve  this  model  would  still  be  excessive.  Thus, 
it  was  decided  that  a  program  for  the  specific  solution  of 
this  model  would  be  written. 

The  fourth-order  Runge-Kutta-Gili  integration  tech¬ 
nique  was  selected  for  use  in  this  program.  Selection  was 
based  upon  the  fact  that  this  technique  is  stable,  self- 


y 


. 


■ 


« 


V 


_  .  „  r  V  ■  i 

,  /  b  £•<;  , 


. 


. 


:; 


’  **  , 

b  .<  - 

' 


■ 

* 

-  '  .  f  '  ;  \ 

•  -■  .  •'  s  .  '  '  -  ;  >.  ' 

1 

«  b  ■  -  ■ 


...  "V, 


86 


starting  and  easy  to  program.  It  is  acknowledged  that  some 
of  the  many  multi-step  methods  available  might  have  requir¬ 
ed  less  computer  time  and  possibly  provided  more  accurate 
answers.  However ,  since  the  calculation  of  derivatives  for 
the  differential  equations  of  this  model  was  not  exception¬ 
ally  tedious,  it  was  felt  that  the  difference  in  computation 
time  between  the  Runge-Kutta-Gill  integration  method  and 
say  Hamming's  predict-correct  method  would  be  small.  Fur¬ 
thermore,  experimental  data  could  only  be  obtained  to  three 
figures  and  both  of  these  methods  supply  answers  at  least 
this  accurate. 

A  description  and  the  derivation  of  the  Runge-Kutta- 
Gill  integration  method  will  not  be  given  in  this  thesis, 
since  the  subject  has  been  well  covered  in  numerous  publica¬ 
tions,  some  of  which  are  (8,  9,  14).  In  this  work  the  actual 
programming  method  was  obtained  from  an  article  by  MaJ. 
Romanelli ( 23) .  Table  2  contains  an  outline  of  this  method. 

A  major  criticism  of  this  integration  method  is  that 
an  estimate  of  the  truncation  error  cannot  easily  be  obtained 
from  the  calculations ( 23)  and  if  a  program  is  to  contain  the 
capacity  for  automatic  step  size  adjustment,  empirical  tech¬ 
niques  must  be  resorted  to.  However,  in  this  work  the  object 
was  to  write  a  progam  for  the  solution  of  a  specific  set 
of  differential  equations  rather  than  a  general,  numerical 
integration  routine  and  therefore  a  trial  and  error  procedure 
for  determining  the  step  size  was  deemed  more  economical. 


•  "  •  -  ■  . 


•'  '  •  !  , 

■  "  .  • 

■ 

. 

4  >5  i-i:! 


^  <j)' 


l 


‘ 

&  >■  •  ■  •  v  >  j  cj  •.  3.1:  .  f  . 


. 


y 


, 


. 

■  •  '•  •  ■  '  •  ;j  1  ,  16 


87 


TABLE  2 

OUTLINE  OF  COMPUTATION  METHOD 
FOR  RUNGE-KUTTA-GILL  INTEGRATION 


Input  (i)  The  description  of  the  system  of  (n+1)  first- 
order  differential  equations 


Y|(x)  =  Fi ( (Yo (x)  , Y1  (x)  ,  ...  Yn (x) ) 


(ii)  The  initial  conditions 
Order  of  Calculation 


where 


(1) 

Let  j  = 

1 

(2) 

Let  i  = 

0 

(3) 

Compute 

Y!  . 

13 

=  K.  .  = 

13 

F.  (Y  .  ,  ,Y,  .  t  ,  .  .  . 

l  0,3-1'  1,3-1 

Y 

n, 

(4) 

Repeat 

step  (3) 

for  i  =  1 ,  2 ,  ...  n 

(5) 

Let  i  = 

0 

(6) 

Compute 

Z  .  .  = 

13 

VKij  - 

Y.  .  = 

13 

Yi f  j“l  + 

hz .  . 

13 

Qij  = 

+ 

3Z .  .  -  C  .K.  . 

13  3  13 

t 

A1 

A2 

=  .5 

=  1 

-  /75 

Bi 

B2 

=  2  C,  = 

=  1  c  - 

.5 

1  - 

/75 

A 

=  1 

+  /75 

B3 

=  ! 

1  + 

/75 

A4 

=  1/6 

B4 

=  2  C4  = 

.5 

(7) 

Repeat 

step  (6) 

for  i  =  1 ,  2 ,  ...  n 

(8) 

Repeat 

steps  (2) 

to  (7)  for  j  =  2,  3, 

4 

Output 


Yi4 


Y. (xo  +  h) 
1 
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The  integration  step  size  selected  for  these  calcula¬ 
tions  was  .2  min.  Results  produced  using  this  step  size  when 
compared  with  results  using  a  step  size  10  times  smaller 
showed  agreement  to  4  figures.  Using  a  step  size  10  times 
larger ,  the  agreement  was  only  to  2  figures.  Moreover,  since 
the  use  of  a  . 2  min.  integration  interval  allowed  for  the  simu¬ 
lation  of  180  minutes  of  real  time  in  approximately  45  seconds 
of  computer  time,  it  was  felt  the  use  of  this  size  of  interval 
was  justified. 

As  suggested  earlier  the  calculation  of  derivatives 
for  the  integration  routine  was  relatively  straight-forward 
and  thus  requires  no  explanation  here.  The  Fortran  programs 
for  the  Runge-Kutta-Gill  integration  and  for  the  calculation 
of  derivatives  can  be  seen  in  Appendix  7. 

Initial  conditions  for  the  differential  equations  of 
the  model  were  calculated  by  a  steady  state  program.  For  any 
given  evaporator,  specification  of  feed  conditions,  (rate, 
concentration  and  enthalpy)  the  product  composition,  and  the 
last  effect  vacuum  or  temperature  completely  defines  the 
steady  state  of  the  evaporator.  However,  a  trial  and  error 
procedure  is  required  for  balancing  the  material  and  enthalpy 
flows  between  effects  and  thus  determine  the  state.  A  pro¬ 
gram  to  perform  these  calculations  for  this  evaporator  was 
written,  the  flow  diagram  for  which  is  illustrated  in  Figure 


15. 


V 


' 


«  .  »>. 


■  ■  ■  '  '' 

■ 

: 

■ 

v;;.  ■  v-  v  .  ha^.u 

f 

■  .  5  *  '*  n  i 


■ 


. 

..  •  ■ :  ■  .  ;  '  'V.  t  '  ••  : 


v  ■■  '  •  •  ■  -  '•  -  K 

ry ' 

■  ..  ...  •  •  •  - /i ? ->b  lc> 


■ 


■'  V. 


' 

■ 

'  •  •  A 


. 


- 


4 


89 


The  required  input  data  for  this  program  are,  besides 

the  above  mentioned  parameters,  values  for  the  heat  transfer 

coefficients  and  heat  losses.  The  calculation  procedure  is 

(1)  Calculate  the  product  from  the  second  effect  (B^ )  by  an 
overall  material  balance. 

(2)  Estimate  the  vaporization  rate  from  the  first  effect  (0-^)  . 

(3)  Calculate  the  first  effect  product  rate  (B-^ )  and  composi¬ 
tion  (C-^ )  and  the  second  effect  vaporization  (C^)  from 
material  balances  around  each  effect. 

(4)  Estimate  the  first  effect  temperature,  T^. 

(5)  Calculate  the  heat  required  by  the  second  effect  (C^) 
and  the  first  effect  temperature  (T|)  required  to  trans¬ 
fer  this  heat. 

(6)  Do  the  estimated  and  calculated  temperatures  agree  to 

_  3 

within  10  °F .  If  not  try  a  new  guess  equal  to  the 
average  of  these  two  temperatures  and  repeat  until  agree¬ 
ment  is  reached. 

(7)  Calculate  the  condensation  rate  in  the  steam  chest  of 
the  second  effect  (SC2)  required  to  supply  Q2 . 

(8)  Does  this  condensation  rate  equal  the  estimated  first 

effect  evaporation  rate  to  within  10  lbs. /min.  If 

not  alter  the  estimate  of  O-^  by  a  modified  Newton's 
method  and  repeat  until  agreement  is  reached. 

Calculate  the  heat  required  by  the  first  effect,  the 
steam  temperature  required  and  thus  the  steam  rate 
required . 


(9) 
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FIGURE  15 

STEADY  STATE  PROGRAM  -  FLOW  DIAGRAM 
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(10)  Calculate  initial  conditions  of  all  differential  equations 
As  can  be  seen  the  calculations  are  straight-forward  and 
thus  require  no  further  explanation,  excepting  possibly  the  mod¬ 
ified  Newton's  convergence  procedure  used.  The  normal  Newton's 
method  is  for  solution  of  equations  of  the  type  F (X)  =0.  If 
is  the  first  guess  at  the  solution  then  by  Newton^s  method 
the  second  guess  is 


p(xi> 

F  *  (X^ 


For  this  program  the  function  to  be  solved  is  F (0^)  =  Sc2  -  0^ 

=  0.  for  which  a  closed  form  expression  of  the  derivative  can¬ 
not  be  obtained.  Therefore,  a  finite  difference  approximation 

was  used.  That  is  c 

F(0,  +  10  )  -  F  (0-, ) 

FMOJ  =  - - - e - ~ 

^  10 


This  type  of  convergence  procedure  was  resorted  to  be¬ 
cause  of  convergence  failures  with  various  types  of  averaging 
techniques  tried.  Convergence,  with  this  technique  was  achieved 
in  5  or  6  iterations  of  the  outer  loop  (see  Figure  15) .  The 
inner  loop  also  converged  in  5  or  6  iterations. 

Prior  to  the  use  of  this  steady  state  program,  the  ex- 
erimental  steady  state  data  were  adjusted  to  satisfy  material  bal 
ances.  This  was  done  to  distribute  the  normal  experimental  devia 
tions  among  the  several  system  parameters.  For  instance,  flow 
rates  were  measured  to  within  approximately  2%  and  compositions 
to  within  1%  and  therefore  the  sugar  flow  (rates  times  concen- 
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tration)  within  3%.  Thus,  if  experimental  values  for  feed 
rate,  feed  composition  and  product  composition  were  used  in 
the  steady  state  program  the  calculated  sugar  flow  from  the 
first  effect  would  be  good  only  to  3%  and  therefore  the  dis¬ 
parity  between  calculated  and  experimental  sugar  flow  could 
be  as  much  as  6%.  Only  the  data  fed  to  the  steady  state 
programs  were  adjusted  in  this  manner.  The  transient  data 
reported  in  this  thesis  are  unadjusted. 

To  adjust  the  data,  the  average  sugar  flow  through 
the  evaporator  was  calculated  and  the  individual  sugar  flows 
adjusted  so  as  to  equal  this  average.  It  was  assumed  that 
70%  of  any  error  is  attributable  to  the  flow  rate  and  30%  to 
the  concentration.  For  example,  if  SUGA  is  the  average  sugar 
flow  then  the  correction  applied  to  the  feed  rate  was 

(SUGA  -  FCf ) 

AF  =  .7  - 

Cf 

and  the  correction  applied  to  the  feed  concentration  was 

(SUGA  -  FCf) 

A  Cf  =  .3  - - - — 

F 

For  all  the  experiments  of  this  work  the  amount  of 
correction  was  well  within  experimental  error.  The  subroutine 
that  perfomed  these  adjustments  can  be  seen  in  Appendix  6. 
Shown  in  Appendix  8  are  all  the  computer  results  which  in¬ 
clude  the  experimental  flow  rates  and  compositions  at  steady 
state  along  with  the  adjusted  steady  state  data. 
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As  mentioned  in  Chapter  II,  the  estimation  of  heat 
transfer  coefficients  for  evaporation  is  exceedingly  diffi¬ 
cult  and  experimental  data  is  to  be  used  wherever  possible. 

This  procedure  was  adopted  here.  After  the  steady  state  data 
were  adjusted  to  satisfy  material  balances,  the  heat  transfer 
coefficients  were  obtained  from  the  resulting  calculated  evapor¬ 
ation  rates  and  experimental  temperatures.  The  values  of  the 
coefficients  calculated  in  this  manner  showed  a  fair  degree 
of  scatter,  up  to  25%,  and  though  an  attempt  was  made  to  cor¬ 
relate  these  coefficients  with  temperatures  and/or  compositions 
no  such  correlation  could  be  found.  Therefore,  in  this  work, 
the  heat  transfer  coefficients  were  assumed  to  be  constant 
and  equal  to  the  average  of  the  values  calculated  from  the 
steady  state  conditions  just  before  and  just  after  each  ex¬ 
periment  . 

Heat  losses  were  calculated  from  discrepancies  in 
the  enthalpy  balances.  For  the  first  effect  the  heat  loss 
was  assumed  to  be  zero  since  the  experimental  steam  rate  and 
that  required  according  to  steady  state  calculations  showed 
good  agreement.  The  discrepancy  in  the  enthalpy  balance  of 
the  second  effect  is  made  up  of  two  heat  losses,  the  heat  loss 
from  the  vapor  entering  (HI^)  and  the  heat  loss  from  the  cir¬ 
culating  solution  (HL^ ) .  Based  upon  calculations  using  em¬ 
pirical  convective  heat  transfer  coefficients  and  taking  into 
account  the  area  and  mean  temperatures  it  was  established 
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that  HL^  is  approximately  25%  of  HL^  and  the  enthalpy  balance 
discrepancy  was  divided  accordingly. 

In  order  to  estimate  the  ramifications  of  errors  in 
the  above  procedure  (i.e.  arriving  at  erroneous  heat  transfer 
coefficients  and  heat  losses) ,  four  computer  runs  were  per¬ 
formed  in  which  the  heat  transfer  coefficients  and  heat  losses 
were  each  increased  by  25%  above  the  value  calculated  by  the 
above  procedure.  Comparing  these  results  to  the  normal  re¬ 
sults  showed  that  these  imposed  errors  have  very  little  ef¬ 
fect  upon  the  transient  behavior  and  in  fact  for  the  composi¬ 
tions  the  effect  is  negligible.  The  only  parameters  signifi¬ 
cantly  affected  are  the  temperatures.  The  ramification  of 
these  results  is  that  it  is  unnecessary  to  take  into  account 
changes  in  these  parameters  during  the  course  of  an  experiment 
since  th£se  changes  never  exceeded  25%.  The  results  of  these 
experiments  are  given  in  Appendix  9 . 

After  the  model  had  been  completed  and  verified,  a 
linearized  version  was  developed  in  order  to  compare  its  re¬ 
sults  to  results  predicted  by  the  non-linear  model.  Linear¬ 
ization  of  the  original  model's  equations  was  performed  in 
the  manner  shown  in  Chapter  II.  Since  the  value  of  the  numeri 
cal  coefficients  of  the  linear  equations  depends  upon  the 
steady  state  conditions,  a  program  was  written  which  requires 
as  input  data  the  pertinent  steady  state  conditions  and  cal¬ 
culates  the  coefficient  matrix  applicable  to  that  steady  state 
This  program  is  shown  in  Appendix  10. 
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More  for  academic  interest  than  model  ver if ication , 
the  model  was  also  solved  via  MIMIC.  The  model  coded  for  use 
by  MIMIC  is  shown  in  Appendix  11,  where  it  can  be  seen  that 
the  coding  for  MIMIC  is  fairly  close  to  Fortran  coding.  The 
solution  produced  by  MIMIC  agreed  very  closely  with  the  For¬ 
tran  program  solution.  However,  the  computer  time  required 
by  MIMIC  was  roughly  7  minutes  per  run  as  compared  with  1 
minute  for  the  Fortran  program.  Furthermore,  for  MIMIC  the 
initial  conditions  must  first  be  obtained  by  running  the 
steady  state  program  and  thus  two  computer  runs  are  required 
to  simulate  one  experiment. 
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VIII.  RESULTS  AND  DISCUSSION 


Figures  16  through  27  are  the  simulated  and  experi¬ 
mental  responses  of  the  two  product  compositions  and  product 
rates  for  each  experiment,  plus  the  simulated  and  experimental 
steam  rates  for  the  closed-loop  experiments.  The  continuous 
lines  are  the  predicted  responses  and  the  circles  and  triangles 
the  experimental  data.  Data  for  the  simulated  curves  are  given 
in  Appendix  8  and  the  experimental  data  in  Tables  5-1  through 
5-6  of  Appendix  5. 

Unfortunately,  as  pointed  out  by  T.J.  Williams ( 25) , 
at  present  there  is  no  generally  accepted  definition  of  the 
correctness  of  fit  between  experimental  and  simulated  transi¬ 
ent  behavior  and  thus  only  a  qualitative  appraisal  of  these 
curves  can  be  given.  However,  it  can  be  seen  that  in  general 
the  agreement  between  the  simulated  and  experimental  curves 
is  quite  good,  especially  with  regards  to  the  concentrations. 

It  is  felt  that  for  the  concentrations  the  most  prob¬ 
able  cause  of  the  small  disparities  between  the  simulated 
and  experimental  data  is  a  result  of  assuming  perfect  mixing 
of  the  solution  in  each  effect.  Examining  the  concentration 
curves  for  the  open- loop  experiments  it  can  be  seen  that  the 
predicted  response  is  a  little  faster  than  the  experimental 
response  which  is  precisely  the  result  one  anticipates  for  an 
imperfectly  mixed  system(20).  Due  to  the  feed  back  in  the 
closed- loop  experiments,  the  result  of  imperfect  mixing  is 
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FIGURE  16  EXPERIMENT  I 
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FLOW  RATE — LBS./MIN. 
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FIGURE  17  EXPERIMENT  I 
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FIGURE  18  EXPERIMENT  2 
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FIGURE  19  EXPERIMENT  2 
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FIGURE  20  EXPERIMENT  3 
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FfGURE  21  EXPERIMENT  3 

STEP  UP  IN  STEAM  RATE,  OPEN -LOOP 
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FIGURE  22  EXPERIMENT  4 
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FIGURE  23  EXPERIMENT  4 
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FIGURE  24  EXPERIMENT  5 
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FIGURE  26  EXPERIMENTS 

STEP  UP  IN  CONCENTRATION  CONTROLLER  SET  POINT 
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FIGURE  27  EXPERIMENT  6 
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not  as  obvious.  However,  it  is  felt,  that  for  none  of  the 
experiments  is  the  error  between  the  predicted  curves  and  ex¬ 
perimental  data  large  enough  to  warrant  extensive  alterations 
to  the  model  to  account  for  the  imperfect  mixing. 

Disparities  between  predicted  and  actual  flow  rates 
can  be  largely  attributed  to  the  noisy  records.  The  flow 
records,  instead  of  being  a  line,  were  actually  a  band,  5%  of 
chart  in  width,  which  for  the  first  effect  product  flow  amount¬ 
ed  to  roughly  .1  lbs. /min.  for  a  50%  set  point  or  in  relat¬ 
ive  terms  4%  of  total  flow.  This  is,  however,  not  the  total 
noise  output  of  the  flow  transmitter  since  as  previously 
mentioned  mechanical  pen-arm  dampers  were  put  on  the  record¬ 
ers  to  prevent  the  noise  from  swamping  the  transients. 

It  was  found  that  better  steady  state  material  balan¬ 
ces  resulted  if  the  flow  rate  was  taken  to  be  an  average  of 
the  flows  corresponding  to  the  upper  and  lower  limits  of  the 
noise  band  than  if  the  flow  rate  was  taken  to  correspond  to 
the  centre  line  of  the  noise  band.  Therefore,  the  first  me¬ 
thod  was  used  in  determining  the  flow  rates,  which  made  data 
gathering  twice  as  tedious.  In  the  way  of  a  recommendation 
for  future  work  it  is  suggested  that  calibrated  rotameters 
be  placed  in  the  liquid  streams  to  allow  for  the  calibration 
of  flow  records  while  the  evaporator  is  in  operation.  In 
this  way  the  calibrations  could  be  for  the  centre  line  of  the 
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Another  cause  of  error,  at  least  for  the  first  effect, 
is  an  apparent  change  in  level  with  changing  vaporization 
rates.  For  instance,  if  the  evaporation  rate  were  to  increase, 
the  holdup  of  solution  would  decrease.  However,  for  an  in¬ 
creased  vaporization  rate  there  would  be  more  vapor  present 
in  the  ebullient  solution  above  the  steam  chest  and  thus  less 
space  for  the  liquid  to  occupy,  tending  to  give  rise  to  an 
increase  in  the  indicated  level.  The  net  result  is  that  an 
increase  in  evaporation  does  not  cause  as  large  an  indicated 
level  decrease  as  that  predicted  by  the  model.  However,  for 
this  evaporator,  the  changes  in  vaporization  rate  were  not 
large  enough  to  make  this  a  serious  problem  and  since  this 
effect  could  not  easily  be  incorporated  into  the  model  it  was 
ignored  in  this  work. 

Although  there  are  several  other  sources  of  error  it 
is  felt  that  in  comparison  to  the  noise  problem  all  others 
are  of  minor  importance  and  for  that  reason  will  not  be  dis¬ 
cussed. 

As  mentioned  in  the  previous  chapter,  a  linearized 
version  of  the  model  was  also  developed.  Experiment  4  (closed 
loop  response  to  a  step-up  in  feed  rate;  feed  conditions  con¬ 
stant)  was  simulated  via  this  model  in  order  to  compare  re¬ 
sults  predicted  by  the  two  models.  The  linear  version  was 
solved  in  exactly  the  same  manner  as  the  non-linear  model, 
that  is  using  the  same  Runge-Kutta-Gill  integration  routine. 
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Results  produced  are  given  in  Appendix  10  and  are  also  shown 
in  Figures  28  and  29  along  with  those  of  the  non-linear  model. 

As  can  be  seen,  the  results  show  quite  good  correspon¬ 
dence  for  about  the  first  10  minutes  thereafter  differing 
somewhat.  This  is,  of  course,  not  surprising  since  the  linear¬ 
ization  technique  used  is  defined  to  be  accurate  only  "near" 
the  initial  steady  state  and  the  step  in  feed  has  changed  this 
state.  In  fact,  considering  that  for  this  experiment  the 
feed  change  was  just  over  20%  it  is  felt  that  the  two  models 
show  rather  good  agreement. 

In  assessing  the  relative  merits  of  these  two  models 
one  must  consider  the  nature  of  the  problem  for  which  the 
model  is  required.  For  situations  were  perturbations  to  the 
system  are  not  large  and  where  rapid  execution  time  is  re¬ 
quired  it  is  felt  the  linear  model  can  be  used  with  some  as¬ 
surance.  However,  for  problems  such  as  the  study  of  optimum 
startup  and/or  operating  level  changes  the  non-linear  model 
should  be  used.  In  general,  the  prime  assets  of  the  linear- 
zed  model  lie  in  the  fact  that  a  solution  can  be  obtained 
quicker  and  that  many  tools  of  control  theory  and  optimiza¬ 
tion  require  linear  equations  for  their  use.  The  prime  assets 
of  the  non-linear  model  are  that  in  theory  this  model  is  ap¬ 
plicable  for  all  possible  operating  conditions  and  that  it  is 
in  general  more  accurate. 


On  the  basis  of  the  range  of  operating  conditions 
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FIGURE  28  EXPERIMENT  4 


TIME  — MINUTES 


* 


FLOW  RATE-  LBS./ MIN. 


113 


FIGURE  29  EXPERIMENT  4 
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covered  by  these  experiments,  the  variety  of  input  disturban¬ 
ces  taken  into  account  and  the  good  agreement  between  experi¬ 
mental  and  simulated  transient  behavior  it  is  felt  safe  to 
conclude  that  the  model  proposed  herein  is  a  valid  and  ac¬ 
curate  model  of  the  evaporator  studied. 

Although  the  original  objectives  of  this  work  have 
been  satisfied,  there  are  several  properties  of  the  system 
worthy  of  note.  Consider  first  the  normalized  linear  equa¬ 
tions  of  the  model, 

dW. 

—  =  -.081^  -  ,002C1  -  ,045B1  +  .065F  +  .084T2  (VIII-1) 

dH, 

—  =  -.571H1  -  .014C1  +  .169Si  -  .040F  +  .025Hf 
dt 

-  .563T2  (VIII-2) 


dW^ 

dt 


=  . 087H.  -  „ 043C.  -  . 020F  +  .045Cf  -  ,084To 

1  1  —  -  2 


=  -.125H1  -  .003^  -  .0001C2  +  .061B-L 
-  .036B2  +  .122T2 


(VII I- 3) 


(VIXX-4) 


dC9 

— =  =  . 125H1  +  .039C1  -  .036C2  -  .024B1  -  .122T2  (VXXX-5) 
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where  the  numerical  coefficients  of  these  equations  corres¬ 
pond  to  the  steady  state  conditions  prior  to  the  start  of 
experiment  4  and  the  variables  are  defined  as  deviations  from 
this  steady  state.  (For  example  r  =(W^  -  W^)/  f.  where 
is  the  steady  state  holdup  in  the  first  effect.) 

Examining  these  equations  it  is  seen  that  the  tempera¬ 
ture  of  the  second  effect  (T^)  is  a  parameter  of  each  equation 
and  that  the  coefficients  associated  with  T 2  are  all  relatively 
large.  Thus,  fluctuations  in  T ^  would  have  a  considerable  in¬ 
fluence  upon  the  whole  system.  Since  the  second  effect  tem¬ 
perature  is  determined  by  the  second  effect  pressure,  fluc¬ 
tuations  in  this  pressure  would  have  the  same  results  It  is 
recalled  that  in  Chapter  IV  precisely  this  effect  was  reported 

:  '  t  •'  • 

as  an  experimental  observation.  This  influence  of  vacuum  upon 
evaporator  operation  is  also  the  effect  reported  by  D.E. 

Johnson (13)  . 

The  fact  that  the  second  effect  pressure  has  such  a 
strong  influence  upon  the  first  effect  enthalpy  and  second 
effect  concentration  suggests  the  possibility  of  using  this 
parameter  as  a  manipulated  variable  for  concentration  con¬ 
trol.  However,  for  maximum  steam  economy  this  pressure  should 
be  controlled  as  low  as  possible  and  thus  any  decision  to  use 
this  variable  for  control  purposes  would  be  governed  by  eco¬ 
nomic  considerations. 

Consider  now  equation  (VIII-5) .  It  can  be  seen  that 
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the  parameter  having  the  greatest  influence  upon  the  product 
composition  (C2)  is  the  enthalpy  of  the  first  effect  (H^ ) . 
Examination  of  equation  (VIII-2)  shows  that  the  dynamic  res¬ 
ponse  of  this  enthalpy  is  relatively  fast  (time  constant  = 

1.75  minutes).  Furthermore,  with  the  exception  of  the  second 
effect  temperature,  the  steam  rate  (S_i)  has  the  greatest  in¬ 
fluence  upon  this  enthalpy.  Thus,  these  equations  show  that 
the  second  effect  composition  responds  quite  rapidly  to  steam- 
rate  changes.  Re-examining  equation  (VIII-5)  it  is  seen  that 
the  only  other  manipulatable  variable,  excluding  is  the 

feed  to  the  second  effect  (B^ )  but  that  the  influence  of  this 
parameter  upon  the  composition  is  not  very  large.  When  de¬ 
signing  a  control  scheme  the  manipulated  variable  should  be 
that  variable  which  causes  the  fastest  response  of  the  con¬ 
trolled  variable  and  is  relatively  easy  to  manipulate ( 6 ) . 

Thus,  the  use  of  steam  rate  to  control  product  composition  is 
an  excellent  means  of  control  and,  acknowledging  the  possible 
exception  of  using  the  second  effect  pressure,  may  be  the 
"best"  choice  of  manipulated  variable. 

Although  the  merits  of  this  control  scheme  have  been 
discussed  in  relation  to  the  evaporator  of  this  work  only,  it 
is  felt  that  the  conclusions  reached  here  could  well  be  ap¬ 
plicable  to  other  evaporator  installations.  It  is  recalled 
that  the  relationship  between  steam  rate  and  steam  temperature 
can  be  expressed  algebraically  and  therefore  equation  (VIII-2) 
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could  be  rewritten  with  Ts^,  the  steam  temperature,  replacing 
Si..  Furthermore,  for  a  multi-effect  evaporator,  the  enthalpy 
of  one  effect  establishes  the  temperature  in  the  succeeding 
effect.  Thus,  the  response  of  the  first  effect  enthalpy  to 
steam  temperature  changes  should  be  roughly  equivalent  to  the 
response  of  enthalpy  to  the  enthalpy  of  the  preceding  effect. 

In  terms  of  system  parameters  the  influence  of  steam 
temperature  upon  the  enthalpy  is 


8 


3  Ts  1 


=  ¥i 

dt  W 


(VIII- 6) 


Also  the  time  constant  of  the  differential  equation  describ¬ 
ing  this  enthalpy  (IV- 19)  is 

„  dH. 


=  (- 


dH-^1 


^H1  dt 


(* 


V1 


8  T1  dt 


Therefore 


W. 


T  = 


F  -  .  601  +  U1A1 


( VIII-7 ) 


Since  the  term  U^A^  mucfr  greater  in  value  than  the  other 
two  terms  in  the  denominator  of  equation  (VIII-7) ,  this  equa¬ 
tion  is  approximately  equal  to  the  inverse  of  equation  (VIII-6) . 
Thus,  for  other  evaporators,  if  the  ratio  on  the  RHS  of  equa¬ 
tion  (VIII-6)  is  not  significantly  smaller  than  that  of  this 
evaporator  the  enthalpy  of  one  effect  will  respond  quickly  to 
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changes  in  the  enthalpy  of  the  preceding  effect.  Consequently 
even  for  a  multi-effect  system  the  change  in  steam  rate  will 
be  felt  fairly  quickly,  in  the  last  effect  and  it  might  be 
that  composition  control  by  manipulating  steam  rate  could 
still  be  superior  to  any  other  method. 

It  should  not  be  construed  from  the  previous  discussion 
that  the  only  merit  of  a  dynamic  model  lies  in  its  use  for 
control-system  synthesis,  since  this  is  only  one  area  in 
which  dynamic  information  is  of  value.  In  his  article  en¬ 
titled,  "Experiences  and  Experiments  with  Process  Dynamics", 
J.O.  Hougen(ll)  has  listed  other  areas  in  which  he  thinks 
dynamic  information  can  prove  valuable.  These  are: 

(1)  To  yield  fundamental  data  useful  in  design 
and  equipment  scale-up. 

(2)  To  contribute  to  the  understanding  of  physical 
and  chemical  phenomena. 

(3)  To  identify  disturbances,  diagnose  malfunctions, 
reveal  improper  processing  and  supply  information  for  ad¬ 
vanced  control  schemes . 

Another  area  of  application  for  dynamic  models  not  mentioned 
by  Hougen  is  in  system  simulation.  In  order  to  simulate  an 
entire  plant,  models  are  of  course  required  for  each  of  the 
constituent  unit  operations. 

It  is  felt  that  the  above  potential  applications  for 
dynamic  information  provide  ample  justification  for  engaging 
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in  process  dynamics  research.  However,  an  additional  motiva¬ 
tion  for  this  project  specifically,  is  exemplified  by  the  in¬ 
dependent  comments  of  both  Hougen(ll)  and  Williams ( 25) ,  that 
there  is  a  considerable  need  for  experimental  dynamic  research 
on  real  systems.  In  fact,  Williams  sights  evaporation  in  par¬ 
ticular  as  being  one  of  the  unit  operations  for  which  dynamic 
information  is  lacking. 

Although  the  model  and  transient  data  reported  herein 
are  for  one  evaporator  specifically,  this  author  feels  that 
the  model  can  be  adapted  for  use  in  simulating  other  similar 
evaporators.  Upon  this  basis  it  is  hoped  that  at  least  a 
small  contribution  has  been  made  to  evaporator  theory  and 
indeed  to  process  dynamics  in  general. 

With  regards  to  future  work,  some  of  the  problems 
that  might  be  studied  are: 

(1)  Transient  behavior  for  reverse-feed  operation. 

(2)  Feasibility  of  using  the  last  effect  pressure 
to  control  concentration. 

(3)  Controller  settings  required  to  shape  the  tran¬ 
sient  response  according  to  a  predetermined  optimum. 

(4)  Feasibility  of  using  the  control  scheme  employed 
here  for  evaporators  of  several  effects. 

(5)  Optimize  the  startup  procedure. 

(6)  Check  the  validity  of  the  model  for  other 


solutions . 
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Needless  to  say  there  is  still  ample  room  for  additional  re¬ 
search  into  the  dynamic  behavior  of  evaporator?. 
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IX*  CONCLUSIONS 

(1)  A  fully  controlled  2-stage  evaporator  has  been 
built  and  brought  into  operation.  Although  the  selection  of 
a  "best"  control  scheme  was  not  an  original  objective  of  this 
work,  it  is  felt  that  the  control  scheme  utilized  on  this 
evaporator  might  in  some  cases  be  superior  to  that  stated  in 
the  literature  as  being  most  common . 

(2)  A  mathematical  model  describing  the  transient 
behavior  of  this  evaporator  has  been  developed.  For  modelling 
purposes  the  evaporator  was  considered  to  be  made  up  of  sever¬ 
al  interacting  sections  or  modules.  The  equations  describ¬ 
ing  each  section  were  examined  as  to  their  dynamic  signifi¬ 
cance  with  those  differential  equations  exhibiting  a  "fast" 
response  being  replaced  by  algebraic  steady  state  equations. 

In  this  manner  the  model  was  simplified  to  where  its  solution 
was  possible  in  reasonable  computer  time.. 

(3)  The  model  was  solved  on  an  IBM  7040  computer 
using  a  Runge-Kutta-Gill  integration  routine  and  the  simulated 
response  compared  with  experimental  data.  In  the  author *s 
opinion  the  degree  of  correspondence  between  predicted  and 
experimental  responses  is  quite  good  and  it  is  therefore  con¬ 
cluded  that  the  model  is  a  valid  one. 

(4)  A  linearized  version  of  the  model  was  developed 
which  showed  reasonable  agreement  with  the  non-linear  model* 
Although  the  linear  model  is  less  accurate  than  the  non-linear 
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model  it  is  felt  that  for  situations  where  linear  equations 
are  required  this  model  can  be  used  with  a  fair  degree  of 
confidence . 

It  should  be  emphasized  that  the  validity  of  this 
model  has  been  established  for  this  evaporator  only  and  before 
using  it  to  analyze  other  similar  evaporators  the  assumptions 
made  in  the  derivation  would  have  to  be  re-examined.  It  is 
felt,  however,  that  the  methods  used  in  this  work  offer  a 
relatively  simple  means  of  establishing  the  justifiable  as¬ 
sumptions  and  thus  the  modification  of  this  model  for  other 
evaporators  should  be  quite  simple. 
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A 

B 

C 

Cc 

E 

EL 

F 

H 

Hev 

HL 

Ho 

Hsi 

Kc 

KL 

L 

0 

Q 

SDENS 

Si 

T 

TL 

Tc 

Tdc 


NOMENCLATURE 

2 

Heat  transfer  area,  ft 
Liquid  product  rate,  lbs. /min. 

Sugar  concentration,  wt.  fraction 
Concentration  controller  output,  % 

Error  signal  to  concentration  controller,  % 

Error  signal  to  liquid  level  controller,  % 

Feed  rate,  lbs. /min. 

Liquid  enthalpy,  btu/lb. 

Latent  heat  of  vaporization,  btu/lb. 

Heat  losses,  btu/min. 

Vapor  enthalpy,  btu/lb. 

Enthalpy  of  input  steam,  btu/lb. 

Proportional  band  for  concentration  controller,  % 
Proportional  band  for  liquid  level  controller,  % 
Liquid  level  controller  output,  % 

Vaporization  rate,  lbs. /min. 

Heat  transfer  rate,  btu/min. 

3  h 

Square  root  of  steam  density,  (lb. /ft  ) 

Steam  rate,  lbs. /min. 

Temperature,  °F 

Integral  time  for  liquid  level  controller,  min. 

Integral  time  for  concentration  controller,  min. 

Derivative  time  for  liquid  concentration  controller, 
min . 
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U  Overall  heat  transfer  coefficient,  btu/  F  ft  min. 

W  Liquid  holdup,  lbs. 


Subscripts 


1  Refers  to  first  effect 

2  Refers  to  second  effect 

f  Refers  to  feed 

A  bar  over  a  quantity  indicates  steady  state 
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APPENDIX  1 

LEGEND  FOR  SCHEMATIC  CONTROL  DIAGRAMS 


CC 


CR 


DVPC 


a 


DVPT 


EMF 


Q 


FRC 


FT 


LLC 


LLT 


PRC 


O’ 

•O 


PT 


REF 


board  mounted  concentration  controller 


board  mounted  concentration  recorder  (2  pen) 


board  mounted  differential-vapor  pressure  controller 


process  mounted  differential-vapor  pressure 
transmitter 


board  mounted  EMF-to-current  transducer 


board  mounted  flow-recorder-controller  (2  pen) 


process  mounted  flow  transmitter 


board  mounted  liquid  level  controller 


process  mounted  liquid  level  transmitter 


board  mounted  pressure-recorder-controller 


process  mounted  pressure  transmitter 


inline  ref ractometer 
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TC 


£ 


7/  if 
0 . ' 

T"' 


board  mounted  temperature  controller 


process  mounted  temperature  transmitter 


thermocouple 


control  valve 


control  valve  with  a  valve  positioner 


hand  valve 


electrical  lines 


pneumatic  lines 


input  or  output  of  a  controller  or  transmitter 


recorded  signal  only- 


external  set  point  to  a  controller 
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APPENDIX  2 

SOLENOID  SWITCHING  ARRANGEMENT 

As  mentioned  in  the  main  body  of  the  thesis  there  are 
2  feed  tanks,  a  condensate  tank  and  a  solution  product  tank, 
associated  with  the  evaporator.  In  order  to  be  able  to  trans¬ 
fer  material  between  these  tanks  and  perform  such  operations 
as  the  filling,  recirculating  and  draining  of  these  tanks  an 
auxiliary  pump  is  also  provided.  Fifteen  valves  are  required 
to  control  these  operations,  so  for  convenience  solenoid  valves 
were  used.  However,  there  was  some  concern  that  the  accidental 
opening  of  the  wrong  valve  could  cause  an  experiment  to  be 
ruined.  Therefore,  a  special  switching  arrangement  was  de9 
signed  which  would  prevent  this  from  occurring. 

The  method  used  was  to  define  16  pumping  operations 
which  could  be  performed  with  the  auxiliary  pump  and  the 
feed  pump.  These  operations  are; 

: 1)  Feed  from  tank  I 

2)  Feed  from  tank  II 

3)  Recirculate  tank  I 

4)  Recirculate  tank  II 

5)  Transfer  condensate  into  tank  I 

6)  Transfer  condensate  into  tank  II 

7)  Transfer  solution  product  into  tank  I 

8)  Transfer  solution  product  into  tank 
y9)  Circulate  the  condensate  tank 
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10)  Circulate  the  product  tank 

11)  Fill  the  condensate  tank  from  an  external  source 

12)  Fill  the  product  tank  from  an  external  source 

13)  Drain  feed  tank  I 

14)  Drain  feed  tank  II 

15)  Drain  the  product  tank 

16)  Drain  the  condensate  tank 

Operations  3  to  16  inclusive  utilize  the  auxiliary  pump  and 
thus  no  two  can  be  performed  at  the  same  time.  Therefore,  a 
multi-pole  switch  was  wired  so  that  location  1  to  14  corres¬ 
pond  to  operations  3  to  16.  The  feed  pump  operations  1  and 
2  were  controlled  by  separate  switches.  Figure  2-1  is  a 
schematic  diagram  of  these  switches  as  well  as  the  tanks  and 
solenoid  valves. 

Examining  this  diagram  it  is  seen  that  when  feeding 
from  tank  I  for  example,  solenoids  1,  2  and  15  should  be  open 
whereas  solenoids  6  and  7  should  not  be  allowed  to  open.  In 
terms  of  operations  this  means  operations  3,  5,  7  and  13  above 
are  not  allowed.  Thus,  the  multi-pole  was  wired  so  that  power 
can  only  get  to  the  poles  corresponding  to  these  operations 
when  the  switch  for  this  feed  operation  is  off.  Similarly, 
when  feeding  from  tank  II,  operations  4,  6,  8  and  14  are  not 
allowed  and  therefore  the  power  for  the  solenoids  of  these 
operations  must  pass  through  the  off-side  of  the  feed  switch 
for  tank  II.  The  other  operations  9,  10,  11,  12,  15  and  16 
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are  allowed  at  anytime  and  therefore  the  power  for  the  solenoids 
is  supplied  directly.  In  order  that  the  solenoid  valves  would 
not  be  opening  and  closing  rapidly  while  switching  from  one 
operation  to  another  a  master  power  switch  was  installed  which 
when  shut,  cut  the  power  to  all  of  the  solenoids  except  those 
concerned  with  the  feeding  operations.  In  addition,  indicator 
lights  were  mounted  on  the  switch  panel  so  that  the  operator 
can  determine  whether  the  operation  he  has  dialed  is  being 
allowed . 
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APPENDIX  3 

FIRST  EFFECT  CIRCULATION 


Circulation  rates  were  calculated  using  equations 
(IV- 16)  and  (IV- 17)  which  can  be  seen  in  Chapter  IV.  The 
program  which  was  written  to  solve  these  equations  is  enclosed 
in  this  appendix.  This  program  is  made  up  of  two  sub-programs, 
the  first  being  the  main  line  program  and  the  second  a  program 
to  perform  a  linear  interpolation  of  parameters  of  the  equa¬ 
tions  which  were  fed  in  as  numerical  data.  These  parameters 
are 

R  =  f  (a) 
r  =  f  (a ) 

(1  -  —  )  =  f  (a  ) 

Pf 

fo  =  f(Re) 

where 


a  = 

R  = 
r  = 


Pf 


steam  void  fraction 

correction  factor  for  two-phase  friction 

correction  factor  for  acceleration  pressure 
losses 

pressure  drop  across  the  pipe  per  foot  of  pipe 


fo  =  Fanning  friction  factor 
Re  =  Reynolds  number 
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The  data  for  these  relationships  were  obtained  from  Lottes 
and  Flinn(18)  and  Brown(4). 

The  calculation  procedure  is 

a)  estimate  the  circulation  velocity 

b)  calculate  the  circulation  rate  and  the  Reynold's  number 

c)  calculate  the  steam  weight  fraction  equal  to  the  ratio  of 
the  evaporation  rate  to  the  circulation  rate 

d)  using  the  equation  of  Levy (16)  calculate  the  steam  void 
fraction 

e)  determine  values  for  all  other  parameters  of  the  system 
and  calculate  the  circulation  velocity 

f)  if  the  calculated  and  estimated  velocities  differ  by 
more  than  .1  ft. /min.  take  an  average  and  repeat  from 
step  b) . 

In  this  manner  the  velocities  were  calculated  for  vaporiza¬ 
tion  rates  varying  from  .5  to  2.0  lbs. /min.  and  for  pressures 
from  5  to  15  psia.  The  results  produced  are  shown  at  the  end 
of  the  program. 

As  can  be  seen  the  velocities  show  very  little  change 
over  these  conditions.  The  reason  for  this  is  that  at  these 
pressures  the  steam  void  fraction  does  not  change  to  any 
great  degree  with  changes  in  steam  weight  fraction.  This  phe¬ 
nomena  is  illustrated  by  Levy  both  theoretically  and  experi¬ 
mentally.  He  illustrates  graphically  that  in  the  vicinity  of 
1  atmosphere  the  steam  void  fraction  versus  steam  weight  frac- 
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tion  curve  is  nearly  flat  and  in  fact  it  is  only  at  pressures 
in  the  order  of  1000  psia  that  void  fraction  changes  appreci¬ 
ably  with  weight  fraction.  The  ramification  of  this  result 
is  that  for  evaporators  the  circulation  rate  remains  essentially 
constant  for  all  the  operating  conditions. 
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PROGRAM  TO  CALCULATE  CIRCULATION  RATE 

DIMENSION  FAN! 20), VEL(20) ,VAC(3) , VAP<3) ,DF(20) ,CF M 20 ) , CF2 ( 20 ) , AL ( 
120 ) , OENS I  3 ) 

READ ( 5,20 ) (VAC (I), 1*1, 3) 

RE AD( 5, 19) (DENS ( I), 1*1,3) 

READ( 5 , 2 1 ) ( VAP ( I ), 1=1,4) 

READ(5,22)(FAN(I), 1=1,20) 

READ(5»23)(VEL(I),  1  =  1,20) 

READ! 5 , 24 ) ( ALI I), 1=1, 14) 

READ( 5 , 25 ) ( CF l ( I),  1  =  1,  14) 

READ(5,26)(CF2( I),  1  =  1,  14) 

READ(5,27)(DF( I ), 1=1,14) 

WRITE! 6, 10 ) 

00  13  1=1,4 
DO  13  J= 1 , 3 
0*VAP( I  ) 

DR=DENS( J ) 

PRESS=VAC( J) 

V=100. 

2  U=4*2*V 
X=0/U 

F 1=X*X 

F2=l.-X 

F3=F2*F2 

AL1=4.*F1*DR-F3-F2*SQRT(F3+8.*F1*DR) 

AL2=4*»( F1*DR— F3) 

ALPH=AL1/AL2 

RE=272.7*V 

N=0 

CALL  INTERP (FAN*VEL,RE,FF,N) 

CALL  I  NT E RP ( DF, AL, AL PH, DP, N) 

CALL  INTERP(CF1,AL,ALPH,BR,N) 

CALL  INTERP(CF2, AL ,ALPH,SR,N) 

I F ( N. EQ* 100 )G0  TO  14 

VV=345600.*DP/!75,2*FF*BR*FF*24.+124.*SR) 

V 1=SQRT ( VV ) 

IF!ABS(Vl-V).LT..l )G0  TO  3 
V=(V+Vl)/2. 

GO  TO  2 

3  WRITEI6, 11) PRESS, 0,V 

13  CONTINUE 

14  CONTINUE 

10  FORMAT ( 1HK, 14X, 12HPRESSURE  PSI ,2X , 14HE VAP  RATE  PD/M,2X, 13HVEL0CITY 
1  FT/M,//) 

11  FORMAT! 16X,F6.2,8X,F6.2,10X,F7.2) 

19  FORMAT! IX, 3F7.1) 

20  FORMAT ( IX , 3F5« 1 ) 

21  F0RMAT!1X,4F4.1) 

22  FORMAT !1X,10F7*4) 

23  FORMAT !1X,8F8«1) 


3TA9  HOITAJUDfliD  3TAJUDJAD  OT  MAX0U99 

>JA, (0SJS9D, (OS) 193, (OS J90, (€ J9AV, (£10AV, «OS  > J3V , (OS  >HA9  HOI  2H3MIQ 

(£ )2H30, (OS I 

(£  ,1  =  1  ,U  )  DAV)  (  OS  ,  <? )  GA3fl 
(£,I=1«(1  )3H30) (Pi,e)0A3fl 
< A,I=I  *(I  )  9  A  V  HIS,<?)OA3« 

(OS, 1  =  1  ,( I  )HA9)(SS,e)aA3fl 
(OS,J=I  ,(  I  )  J3V  M£S,£)OA3fl 
(Ai,J=],(I  )  JAM  AS,e)OA3fl 

(ai  ,i  =  j  ,d  )nDnes,e»aA3« 

(Al  ,1  =  I  ,(l  )S9DI(dS,e)0A3« 

( AI , I  =  l , (  I  )3t1H  YS.iMOAJfl 

(01,d)3TlflW 
A  ,  I  =  I  £1  (JO 
£ ,  I  =1  £1  00 
( I )9AV=0 
aj2H3a^«a 
(  UDAV  =  223«9 
.OOI=V 
V*S.A=U  S 
u\o*x 
X«X=19 
X-.I*S9 
S9*S9*£9 

(  9a*i9*.8>£9  JTfl02*S9-£9-)Ja*I9*  ,A  =  1  JA 

(£9~#a*I9}*.A=SJA 
S  JA  \I J A  *H9 J A 
V*Y.SYS=3fl 
0=H 

(  H ,  93 , 3fl  ,  J  3V  ,  HA  9  )  9  93TH  I  J  J  AD 
(  H  ,  90  *  H9 JA , JA , 90 ) 983TH I  JJAD 
(H,fl8,H9JA, JA,I93)993THJ  JJAD 
<H,92,H9JAt JA,S9D)9>HTH1  JJAD 
A I  OT  00(001. 03. H)9I 
( «e*.ASl+.AS*99*98+99*S.eY ) \9Q * .00d£A£=VV 

( VV)T902=1 V 
£  OT  00( l..TJ.( V~IV)28A)9I 

•  S  \  ( I  V+ V  )  =  V 
S  OT  00 

V,0,223fl9(II,d)3TIflW  £ 
3UHITHQD  £  J 
3UHITHGD  Ai 

fl  1 30J3VM£1 , XS,M\GM  3TA9  9 A V 3HAI , XS , I Z 9  39U223H9HSI ,XAI ,»HI ) T AMAG9  01 

(\Y,M\T9  i 

(S.Y9,X0i,S.d9,X8,S.d9,Xdi )TAMfl09  II 

(J.Y9£,XI ) TAM#09  Pi 
ti.29£,XI ) TAM909  OS 
(  I  .A9A,XI )TAMflU9  IS 
< A.Y90I ,Xi ) TAM909  SS 
(I  .898, XI ) TAMA09  £S 
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24  FORMAT ( IX»15F4.2) 

25  FORMAT* iXf10F5. 2) 

26  FORMAT ( IX* 10F7*  4) 

27  F0RMAT(IX*10F6.3) 
END 
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t J .B 

f  X  i  1  T  A  ’10  *1 

SUBROUTINE  INTERP! Y,X, Z,R,N) 

DIMENSION  Y  (  20 ) , X! 20 ) 

N-N+l 

I F ! Z*LT*X! 1 ) )G0  TO  3 
DO  5  1-1,20 
IF(Z.GT.X(I))GO  TO  5 

R=  Y  (  I-ll*IYU)-Y(I-l))*lZ-X(K)J/lxm-X(I-l)) 
GO  TO  12 
5  CONTINUE 

WRITE! 6, 10 ) N 
N=  100 
GO  TO  12 

3  WRITE ( 6, 1 1 ) N 

N*  100 

12  CONTINUE 
RETURN 

10  FORMAT! IX, 14HEXCEEDED  RANGE, 14) 

11  FORMAT! IX, 11HBEL0W  RANGE, 14) 

END 


{tf,fl,S,X,Y  maTHI  3imU0fl8U8 
(OS)X,(OS)Y  HOI  <?  H  3  M I  (] 

£  OT  03(  ( I 1X.T  J.S  HI 
OS  *  X  =  I  <?  GO 

e  ot  oo  ( ( iix.Ta.sm 

{(M)X>(I)X)\(II-l)X-il*((M)Y-mYI  +  (M)Y  =  fl 

SI  OT  03 
3UH1TH03 
rftOI »d)3TI«W 
OOI=M 
SI  OT  03 
Mill  ,d)3TIflW 
001  *H 
31M1TWOO 
tf«UT3fl 

(<M»33tfAfl  0 30 330X3 HA1»X1 }  T AM803 
WU,33HA*  W0J3AHI I , XI) TAMX03 
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APPENDIX  4 
CALIBRATION  CURVES 

The  calibration  curves  for  all  of  the  flow  transmit¬ 
ters  are  shown  in  Figures  4-1  to  4-7  inclusive.  These  figures 
are  self-explanatory  and  thus  need  not  be  discussed  further. 
However,  for  the  model,  a  mathematical  expression  of  steam 
flow  and  first  effect  product  flow  curves  are  required. 

It  was  mentioned  in  the  main  body  of  the  thesis  that 
calibration  shifts  in  the  first  effect  product  flow  made  it 
necessary  to  recalibrate  this  stream.  Figures  4-2,  4-3  and 
4-4  are  the  three  calibration  curves.  For  the  model  it  was 
assumed  that  one  calibration  held  for  all  the  experiments  and 
when  the  calibration  points  were  drawn  on  one  graph  the  equa¬ 
tion  of  the  "best"-fit  line  through  these  points  was  found 
to  be 

4  81 

B  =  1.33  ( — )  (4-1) 

10 

where  CR  =  chart  reading  in  percent.  The  flow  controller  re¬ 
gulating  this  stream  and  the  recorder  were  adjusted  so  that 
the  chart  reading  in  percent  corresponded  to  the  set  point 
in  percent.  Thus,  equation  (4-1)  could  be  used  directly  in 
the  model  with  the  controller  set  point  (L^)  substituted  for 
CR.  The  equations  for  the  individual  calibration  curves  did 
not  differ  enough  from  the  above  average  equation  to  warrant 
incorporating  all  three  equations  into  the  model. 
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FIGURE  4-1 
CALIBRATION  CURVE 
FEED  FLOW 
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FIGURE  4-2 
CALIBRATION  CURVE 
FIRST  EFFECT  PRODUCT  RATE 
EXPERIMENT  1 
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FIGURE  4-3 
CALIBRATION  CURVE 
FIRST  EFFECT  PRODUCT  RATE 
EXPERIMENT  2,  3 
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FIGURE  4-4 
CALIBRATION  CURVE 
FIRST  EFFECT  PRODUCT  RATE 
EXPERIMENT  4,  5,  6 
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FIGURE  4-5 
CALIBRATION  CURVE 
SECOND  EFFECT  PRODUCT  RATE 
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Figure  4-6  is  the  steam  flow  calibration  curve,  the 
equation  for  which  is 

Si  =  .68  /JT  (CR)  *455 

where 

Si  =  steam  flow,  lbs. /min. 

2 

p  =  steam  density,  lbs. /ft 

CR  =  chart  reading,  percent 

As  was  the  case  with  the  product  flow  from  the  first  effect, 
the  set  point  of  the  steam  flow  controller  (Cc2)  can  be  sub¬ 
stituted  for  CR  in  the  above. 

Figure  4-8  shows  the  second  effect  concentration  ver¬ 
sus  record,  calibration  curves  for  the  three  closed-loop  ex¬ 
periments.  The  first  effect  concentration  and  the  second  ef¬ 
fect  concentration  for  the  open-loop  experiments  were  deter¬ 
mined  from  samples  taken  during  the  experiments.  As  can  be 
seen  the  curves  shifted  considerably  between  experiments  and 
in  fact  a  very  considerable  amount  of  difficulty  was  encountered 
getting  the  calibration  to  stay  constant  for  at  least  the 
duration  of  these  experiments. 

Fortunately  the  calibration  change  was  essentially  a 
zero  shift  and  thus  the  slopes  remained  constant  at  a  value 
of  .1  wt.  %  per  percent  chart.  Therefore,  the  error  signal 
to  the  concentration  controller  is 

Ec2  =  ^2  ~  C2)  1000* 
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FIGURE  4-6 
CALIBRATION  CURVE 
STEAM  FLOW 
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FIGURE  4-7 


CALIBRATION  CURVES 
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FIGURE  4-8 
CALIBRATION  CURVES 
SECOND  EFFECT  CONCENTRATION 
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where 

C2  =  set  point  concentration,  wt.  fraction 
C2  =  concentration,  wt.  fraction 
Ec2  =  error  signal  to  the  concentration  controller,  % 
Figure  4-9  shows  the  calibration  curves  of  the  liquid 
level  transmitters  which  are  necessary  to  translate  changes 
in  holdup  to  changes  in  transmitter  output.  The  slope  of  both 
curves  is  the  same  and  equal  to  0.257  inches  of  water  per  per¬ 
cent  transmitter  output.  If  AW  is  a  change  in  holdup  then  the 
change  in  head  is 


AW 

Ah  =  - 

A  pw 

where 


Ah  =  change  in  head,  inches  of  water 

AW  =  change  in  holdup,  lbs. 

2 

A  =  x-section  area,  ft 

3 

pw  =  density  of  water,  lbs. /ft. 

Therefore,  the  change  in  level  transmitter  output  and  there¬ 
fore  the  error  signal  to  the  level  controller,  if  AW  represents 
a  change  from  the  set  point  holdup,  is 

(W  -  W)  12 

EL  =  -  v - .  % 

A  pw  0.257 
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where 

EL  =  error  signal  to  the  controller,  % 

W  =  set  point  holdup,  lbs. 

Since  the  x-sectional  area  is  the  same  in  both  effects,  the 
error  signal  to  both  the  first  and  second  effect  level  control¬ 
lers  is 

EL  =  2.05  (W  -  W) 

Figures  4-10  and  4-11  show  typical  records  obtained 
from  the  evaporator.  The  noise  difficulty  discussed  in  the 
main  body  is  clearly  shown  in  these  figures. 
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APPENDIX  5 
EXPERIMENTAL  RESULTS 


The  experimental  results  for  experiments  1  to  6  in¬ 
clusive  are  given  in  Tables  5-1  to  5-6.  Data  under  the  sub¬ 
headings,  Initial  Conditions  and  Final  Conditions  are  the 
experimental  steady  state  data  just  before  and  just  after 
each  experiment.  All  the  data  in  these  tables  are  the  unad¬ 
justed  raw  data. 

The  nature  of  these  6  experiments  is  given  below. 


Exp. 

1  Open- loop  response  to  a  step  up  in  feed  rate 

coupled  with  a  change  in  feed  conditions. 

2  Open- loop  response  to  a  step  down  in  feed  rate 

coupled  with  a  change  in  feed  conditions. 

3  Open- loop  response  to  a  step  up  in  steam  rate, 

steam  conditions  constant. 

4  Closed- loop  response  to  a  step  up  in  feed  rate, 

feed  conditions  constant. 

5  Closed- loop  response  to  a  step  up  in  feed  rate 

coupled  with  a  change  in  feed  conditions. 

Closed- loop  response  to  a  step  up  in  concent¬ 
ration  controller  set  point  coupled  with  a 
change  in  feed  conditions. 
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TABLE  5-1 

EXPERIMENTAL  DATA  FOR  EXPERIMENT  1 


Initial  Conditions 


F  =  2.95  lbs. /min. 
Cf  =  3.12% 

T  steam  =  285°f 
Tf  =  9  9°F 


B,  =  1.92  lbs. /min 
cf  =  4.79% 

Tsf  =  214°F 
T^  =  1 5  0°F 


B~  =  .91  lbs. /min 

cf  =  10.12% 

Tf  =  195. 0°F 
Si  =  1.31 


Transient  Data 


Time 
mins . 

Prod.  1st 
lbs. /min. 

Prod.  2nd 
lbs . /min . 

Cone.  1st 
% 

Cone.  2nd 
% 

0 

1.92 

.91 

4.79 

10.12 

5 

2.25 

.99 

4.66 

10.01 

10 

2.53 

1.26 

4 . 51 

9.56 

15 

2.67 

1.62 

20 

2.71 

1.87 

4.48 

8.60 

30 

2.65 

2.02 

4.30 

7.85 

40 

2.55 

1.58 

4.25 

7.43 

50 

2.50 

1.37 

4.19 

7.19 

60 

2.53 

1.41 

4.18 

7.09 

70 

2.54 

1.54 

4.15 

6.93 

80 

2.55 

1.59 

90 

2.54 

1.60 

4.20 

6.93 

100 

2.53 

1.58 

4.18 

6.89 

110 

2.53 

1.55 

120 

2.53 

1.56 

4 . 20 

6.91 

130 

2.53 

1.56 

150 

2.53 

1.55 

4.20 

6.88 

160 

2.53 

1.55 

4 . 20 

6 .87 

170 

2.53 

1.55 

180 

2.53 

1.55 

4 . 22 

6.84 

Final  Conditions 


F  =  3.49  lbs. /min. 
Cf  =  3.04% 

T  steam  =  285  F 
Tf  =  95 . 5°F 


B,  =  2.53  lbs. /min. 
cf  =  4.20% 

Tsf  =  211. °F 
Tf  =  150. °F 


KL-,  = 


Controller  Settings 
80%  TL. 


KL„  = 


TL^  = 


B~  =  1.55  lbs. /min. 
cf  =  6.84% 

T7  =  192. 2°F 
Si  =  1.31 


80% 

80% 


6.0  min, 
6.0  min, 
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TABLE  5-2 


EXPERIMENTAL  DATA  FOR  EXPERIMENT  2 


Initial  Conditions 


F  =  3.8  lbs. /min 
Cf  =  3.10% 

T  steam  =  255°F 
Tf  =  93. °F 


B,  =  2.80  lbs. /min 
=  4 . 21% 

Tsj  =  214. °F 
T^  =  150. °F 


B„  =  1.85  lbs. /min. 
C?  =  6.48% 

T^  =  190. 5°F 

Si  =  1.36  lbs. /min. 


Transient  Data 


Time 
mins . 

Prod.  1st. 
lbs ./min . 

Prod.  2nd. 
lbs . /min . 

Cone.  1st. 

% 

Cone . 

% 

0 

2.80 

1.84 

4.21 

6.48 

5 

2.68 

4 . 30 

6.51 

10 

2.50 

1.75 

4.40 

6.64 

15 

2.37 

1.56 

4.42 

6.80 

20 

2.29 

1.25 

4.50 

7.25 

30 

2.26 

1.05 

4.51 

7.50 

40 

2.32 

1.12 

4.52 

7.62 

50 

2.41 

1.32 

4.55 

7.67 

60 

2.44 

1.53 

70 

2.42 

1.59 

4.55 

7.68 

80 

2.41 

1.44 

90 

2.40 

1.36 

4.55 

7.70 

100 

2.40 

1.39 

4.55 

7.72 

110 

2.40 

1.43 

7.73 

120 

2.40 

1.45 

4.55 

7.74 

130 

2.40 

1.46 

140 

2.40 

1.45 

4.55 

7.75 

150 

2.40 

1.43 

160 

2.40 

1.43 

4.55 

7.75 

170 

2.40 

1.43 

180 

2.40 

1.43 

4.55 

7.75 

Final  Conditions 


F  =  3.40  lbs. /min 
Cf  =  3.22% 

T  steam  =  255. °F 
Tf  =  191. 0°F 


B,  =  2.40  lbs. /min 
C7  =  4.55% 

Ts7  =  214. °F 
=  83°F 


Controller  Settings 


B„  =  1.43  lbs. /min 
C  =  7.75% 

T^  =  191. 0°F 

Si  =  1.36  lbs. /min 


80% 

160.% 


8 . 5  min 
6 . 0  min 
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TABLE  5-3 


EXPERIMENTAL  DATA  FOR  EXPERIMENT  3 


Initial  Conditions 


F  =  3.31  lbs. /min. 
Cf  =  2.78% 

T  steam  =  255°F 
Tf  =  90. °F 


B,  =  2.23  lbs. /min. 
C7  =  4.09% 

Ts|  =  223°F 
T^  =  150. °F 


B9  =  1.16  lbs. /min 
C  =  7.92% 

T^  =  17  9°F 

Si  =  1.42  lbs. /min 


Transient  Data 


Time 
irtins . 

Prod.  1st. 
lbs ./min. 

Prod.  2nd. 
lbs ./min . 

Cone.  1st. 

% 

Cone . 

% 

0 

2.23 

1.16 

4.09 

7.92 

5 

2.20 

1.13 

10 

2.15 

1.07 

4.15 

8.12 

20 

2.10 

.97 

4.20 

9.45 

30 

2.11 

.  86 

4.25 

8.78 

40 

2.14 

.825 

4.25 

8.98 

50 

2.14 

.88 

4.26 

9.08 

60 

2.13 

.  965 

4.27 

9.23 

70 

2.13 

1.00 

4.28 

9.30 

80 

2.13 

1.00 

4 . 30 

9.39 

90 

2.13 

.98 

4.30 

9.45 

100 

2.13 

.  965 

4.30 

9.45 

110 

2.13 

.96 

4.30 

9.47 

120 

2.13 

.96 

4.30 

9.48 

130 

2.13 

.  96 

4 . 30 

9.49 

140 

2.13 

.  96 

4.30 

9.50 

150 

2.13 

.96 

4.30 

9.50 

160 

2.13 

.96 

4.30 

9.50 

170 

2.13 

.96 

4.30 

9.50 

180 

2.13 

.96 

4.31 

9.50 

Final  Conditions 


F  =  3.31  lbs. /min 
Cf  =  2.78% 

T  steam  =  255°F 
Tf  =  90°F 


B,  =  2.13  lbs. /min. 
C7  =  4.30% 

TsZ"  =  22  7°F 
T^  =  150°F 


B9  =  .95  lbs. /min. 
C9  =  9.50% 

T^  =  203°F 

Si  =  1.54  lbs. /min 


Controller  Settings 


KL1  =  80%  TL-j^  =  7.0  min. 

KL2  =  160%  TL2  =  6.0  min. 
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TABLE  5-4 


EXPERIMENTAL  DATA  FOR  EXPERIMENT  4 


Initial  Conditions 


F  =  2.43  lbs. /min.  B,  =  L  69  lbs . /min .  B„  =  .98  lbs. /min. 


Cf  =  3.02% 

T  steam  =  283°f 

Tf  =  8  8 . 5°F 

Time  Prod.  1st. 

mins.  lbs. /min. 

C:  =  4.34% 

Ts7  =  201°F 

T^  =  149. 5°F 

Transient  Data 

Prod.  2nd.  Steam 

lbs. /min.  lbs. /min. 

C^  =  7.51% 

T^  =  184°F 

Si  =  .94 

Cone.  1st.  Cone.  2nd 

%  % 

0 

1.69 

.98 

.94 

4.34 

7.51 

5 

1.895 

.  98 

.99 

7.40 

10 

2.23 

1.10 

1.025 

4.20 

7.21 

15 

2.31 

1.26 

1.09 

6 .98 

20 

2.30 

1.66 

1.16 

4.19 

6 .88 

30 

2.07 

1.75 

1.23 

4.26 

6.99 

40 

1.85 

1.09 

1.22 

4.35 

7.43 

50 

1.90 

.78 

1.18 

4.41 

7.77 

60 

2.00 

.795 

1.14 

4.36 

7.72 

70 

2 . 08 

.98 

1.12 

4.31 

7.61 

80 

2.07 

1.25 

1.12 

4.28 

7.50 

90 

2.05 

1.41 

1.13 

4.30 

7.47 

100 

2.02 

1.39 

1.14 

4.31 

7.47 

110 

2.02 

1.20 

1.15 

4 . 32 

7.49 

120 

2.03 

1.06 

1.16 

4.32 

7.50 

130 

2.04 

1.05 

1.16 

4 . 32 

7.51 

140 

2.05 

1.10 

1.16 

4.32 

7.51 

150 

2.05 

*  1.14 

1.16 

4.32 

7.51 

160 

2.05 

1.16 

1.16 

4.32 

7.51 

170 

2.05 

1.17 

1.16 

4.32 

7.51 

180 

2.05 

1.18 

1.16 

4.32 

7.51 

Final 

Conditions 

F  = 

2.93  lbs. /min.  B, 

=  2. 

05  lbs/min. 

B  =  1.18 

lbs . /min 

Cf  = 

3.02% 

C1 

=  4. 

32% 

C^  =  7.51% 

T  steam  =  283°f 

Ts7 

=  211°F 

T^  =  190°F 

Tf  = 

93°F 

T1 

2 

=  49 

.  5°F 

Si  =  1.16 

Controller 

Settings 

KL1  = 

80% 

TLi  - 

6. 

min . 

KL2  = 

175% 

TL2  = 

6. 

min . 

Kc2  - 

130% 

-2  = 

7. 

min.  t<^c2  ”  ^ 

min . 
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TABLE  5-5 


EXPERIMENTAL  DATA  FOR  EXPERIMENT  5 


Initial  Conditions 


F  =  2.93  lbs. /min.  B,  =  2.05  lbs. /min.  B0  =  1.225  lbs. /min. 


Cf  = 

3.19% 

C7  =  4. 

56% 

C2  = 

7.62% 

T  steam  =  282.5  F 

Ts^T  =  207. 5°F 

T?  - 

189. °F 

Tf  = 

9  0 . 5°F 

T^  =  150. 0°F 

si  = 

1.14  lbs. /min. 

Transient 

Data 

Time 

Prod.  1st. 

Prod.  2nd. 

Steam 

Cone.  1st 

Cone.  2nd. 

mins . 

lbs ./min. 

lbs . /min . 

lbs . /min . 

% 

% 

0 

2.05 

1.225 

1.135 

4.56 

7.62 

5 

2.30 

1.275 

1.15 

7.59 

10 

2.54 

1.41 

1.20 

4.35 

7.34 

15 

2.61 

1.62 

1.265 

7.15 

20 

2.60 

1.73 

1.33 

4.18 

6.96 

30 

2.46 

1.72 

1.405 

4.25 

6.92 

40 

2.24 

1.43 

1.42 

4.30 

7.27 

50 

2.23 

1.07 

1.40 

4.33 

7.64 

60 

2.31 

1.01 

1.37 

4.31 

7.745 

70 

2.38 

1.10 

1.365 

4.25 

7.68 

80 

2.40 

1.26 

1.37 

4.30 

7.63 

90 

2.38 

1.45 

1.38 

4.30 

7.56 

100 

2.35 

1.47 

1.38 

4 . 29 

7.565 

110 

2.35 

1.38 

1.38 

4 . 29 

7.59 

■3?2  0 

2.36 

1.32 

1.375 

4.30 

7.62 

130 

2.37 

1.27 

1.38 

4.30 

7.63 

140 

2.38 

1.28 

1.38 

4.30 

7.62 

150 

2.37 

1.30 

1.38 

4.30 

7.62 

160 

2.36 

1.31 

1.38 

4.30 

7.62 

170 

2.35 

1.32 

1.38 

4.30 

7.62 

180 

2.35 

1.33 

1.38 

4.30 

7.62 

Final  Conditions 

F  = 

3.40  lbs. /min 

B,  =  2. 

35  lbs. /min 

.  B  = 

1.33  lbs. /min. 

Cf  = 

3 . 0% 

C7  =  4. 

30% 

C2  = 

7.62% 

T  steam  =  282. 5°F 

TsT"  =  213. 5°F 

Ti  - 

194°F 

Tf  = 

90 . 5°F 

T^  =  150. 0°F 

si  = 

1.38  lbs. /min. 

Controller 

Settings 

II 

i — 1 

hi 

80% 

TL1  =  6 

min. 

li 

1  CN 

hi 

175% 

TL,  -  6 

min. 

II 

1  CN 
O 

130% 

II 

1  CN 
O 

Eh 

min . 

Tdc2 

=  5  min. 
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TABLE  5-6 


EXPERIMENTAL  DATA  FOR  EXPERIMENT  6 


Initial  Conditions 


F  =  3.40  lbs. /min 
Cf  =  3.'.  16% 

T  steam  =  279. 5°F 
Tf  =  8  7 . 5°F 

Time  Prod.  1st. 

mins.  lbs. /min. 

B,  =  2.41  lbs. /min. 
C7  =  4.46% 

TsZ"  =  214°F 

T^  =  150.0 

Transient  Data 

Prod.  2nd.  Steam 

lbs. /min.  lbs. /min. 

B„  =  1.42  lbs. /min. 
C^  =  7.57% 

T7  =  182. 5°F 

Si  =  1.32 

Cone.  1st.  Cone.  2nd. 

o,  9- 

0 

2.41 

1.42 

1.32 

4.46 

7.57 

5 

2.33 

1.40 

1.50 

4.46 

7.64 

10 

2.26 

1.30 

1.53 

4.46 

7.94 

15 

2.19 

1.16 

1.54 

4.45 

8.19 

25 

2.14 

.89 

1.53 

4.44 

8.64 

35 

2.17 

.92 

1.505 

4.45 

9.01 

45 

2.26 

.86 

1.49 

4.41 

9.06 

55 

2.32 

1.04 

1.48 

4.40 

8.99 

65 

2.29 

1.29 

1.47 

4.38 

8.89 

80 

2.27 

1.32 

1.48 

4.35 

8.74 

90 

2.25 

1.145 

1.49 

4.36 

8.69 

100 

2.24 

1.05 

1.50 

4.37 

8.73 

110 

2.23 

1.05 

1.49 

4.38 

8.75 

120 

2.23 

1.10 

1.48 

4.38 

8.80 

130 

2.23 

1.13 

1.48 

4.38 

8.81 

140 

2.24 

1.14 

1.48 

8.80 

150 

2.24 

1.13 

1.48 

8.79 

160 

2.24 

1.125 

1,4  8 

8.76 

170 

2.24 

1.125 

1.48 

8.75 

180 

2.24 

1.125 

1.48 

4.38 

8.74 

Final  Conditions 

F  = 

3.40  lbs. /min 

B  = 

2.24  lbs. /min 

. .  B0  = 

1.125  lbs. /mi: 

Cf  = 

2.90% 

ci  = 

4.38% 

C2  = 

8.74% 

T  steam  =  279. 5°F 

ts:  = 

218 . 5°F 

T1  “ 

18  7°F 

Tf  = 

87 . 5°F 

T^  = 
2 

150 .°F 

Si  = 

1.49  lbs. /min 

Controller 

Settings 

kl1  = 

80% 

TLi 

=  6.0  min. 

KL,  = 

160% 

“2 

=  6.0  min. 

* 

o 

K>  1 

II 

120% 

Tc2 

=  7.0  min. 

Tdc2 

=  5.0  min. 

5 . 0  min . 
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APPENDIX  6 

DATA  ADJUSTMENT  AND  STEADY  STATE  PROGRAMS 

The  method  of  adjusting  the  steady  state  data  to 
satisfy  material  balances  has  been  outlined  in  the  main  body 
of  the  thesis.  The  computation  procedure  is;  read  in  the  ex¬ 
perimental  initial  data  through  a  main  line  program  and  call 
the  data  adjustment  sub-routine  which  performs  the  above- 
mentioned  data  adjustments  and  calculate  heat  transfer  coeffi¬ 
cients  and  heat  losses  from  the  adjusted  data.  Control  is  re¬ 
turned  to  the  main  line  program  and  the  experimental  data  for 
the  final  conditions  are  read  in.  The  above  procedure  is  re¬ 
peated  for  this  data  and  then  average  heat  transfer  coeffici¬ 
ents  and  heat  losses  are  calculated.  Also  at  this  time  various 
perturbations  to  the  system  such  as  step  change  in  feed  or  feed 
concentration  are  made  compatible  with  the  adjusted  data. 

After  the  above  computations,  the  main  line  program 
calls  the  steady  state  program  which  calculates  the  initial 
conditions  in  the  fashion  described  in  Chapter  VII  of  this  thesis. 

These  two  sub-routines  are  shown  in  the  following  pages 


of  this  appendix. 
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SUBROUTINE  DATA(L) 


THIS  SUBROUTINE  ADJUSTS  THE  DATA  TO  SATISFY  THE 
MAT.  BALANCES  AND  CALCULATES  THE  HT  COEFFS.  AND 
HEAT  LOSSES 

REAL  KL1,KL2,KC2 

COMMON  F,BlfB2,SI,0l,02,BI0fB20,SID,CFfCItC2 ,C2R , VI , V2 , Wl 
COMMON  W2,WlR,W2RtDENSI,DENS2, TSIfTF,Tl,T2»UAI*UA2tHL2tHF 
COMMON  HI»H2fHSItSTEPF*STEPCF*STEPTF*STEPSI*STEPC2tY<15) 
COMMON  DI 15 ) *  E<  20) , C ( 20 ) , S IGL 10, OL , KL1 * KL2 , KC2 , TLI , TL2 
COMMON  TC2,TDC2,TI ( 100) *Gi( 100) ,G2( 100 ) , NC , HL1 , HL3 , S I GS I 0 
COMMON  SDENS,KMM,EW1,EW2 
DIMENSION  STEAMI2) ,TEMPF<2) 

DIMENSION  HTC1(2),HTL2<2),HTC2{2) , FEED! 2) , FOCI 2) ,B2C(2) 
DIMENSION  HTL3I2) 

701  SUG1*F*CF 
SUG2*B1*C1 
SUG3*B2*C2 

SUGA*( SUG1+SUG2+SUG3) /3. 

I  F( ABS ( 1.-SUG1/SUGA ).GT. 0.0005) GO  TO  703 
I F ( ABS ( 1 .-SUG2/SUG A ) .GT .0.0005 ) GO  TO  703 
I F ( ABS 1 1 .-SUG3/SUG A ) .GT .0. 0005 ) GO  TO  703 
GO  TO  704 

703  F*F-*,.7*I  SUGA— SUG1) /CF 
CF*CF+.3*(SUGA-SUG1)/F 
Bl*Bl+.7*( SUGA— SUG2 ) /C 1 
C1*C1+.3*I SUGA-SUG2 ) /B 1 
B2*B2+.7*<SUGA-SUG3)/C2 
C2*C2+.3*(SUGA-SUG3)/B2 
GO  TO  701 

704  H1*T 1* I 1.-.454*C1)-32.1+6.0*C1 
H2*T2*tl.-.454*C2)-32.  i+6.0*C2 
HVAP*1098.-.6*T1 

H02*1066. 1+.4*T2 
0 1 = F-  B 1 
02*61-62 
Q2*0l*HVAP 

HL3*<Q2*B1*H1-B2*H2-02*H02)/1.25 

HL2* • 25*HL  3 

UA2* ( Q2— HL2 ) / ( T 1— T  2 ) 

HOI* 1066. l+.4*Tl 
HF*TF*< l.-.454*CF)-32.1+6.0*CF 
Q1*B  l*Hl-f01*H01— F»HF 
UAi*Ql/<  TS1— T1 ) 

HLC1*TS1— 32.0 

705  SI*Q1/(HSI-HLC1) 

HTC1IL )*UAi 
HTC2 ( L )*UA2 
HTL2 ( L )*HL2 
HTL3( L )*HL3 
FEED! L )*F 


(J)ATAQ  3H1TUOH8U2 


u 


3HT  Y321TA2  01  A?AC!  3HT  2T2UU1A  3HITU0^8U2  a  1 H7 
OHA  .233300  TH  3HT  23TAJUOJAO  CJI^.A  230HAJA8  .TAM 

23220 J  TA3H 

JA3fl 

IW,SV, IV*«SO, SO, i3,33,GI2,0S8,Qia,Sa,iG,I2,S8,I8,3  HOMMOO 
3H,SJH,SAU,  iAU,ST,IT,3T,  i  2T  ,  S2H3C1 ,  i  2H30  ,  flSW  ,  fl  J  W,SW  HOMMOO 
(21 )Y,S033T2, I2q3T2,3Tq 312, 3033T2 ,333T 2,1 2H,SH,iH  HOMMOO 

sjT,ijT,soa,sja,iJ>i,jo,oi joi2,(osio, <os>3,<ena  hommqo 
012312,t JH,  1JH,0W,  (001  ISO,  (0011 J 3,  (001  )  IT, SOOT, SOT  H0MMD3 

SW3*iW3,MM>!t2M3G2  HOMMOO 
(SJ39M3T, (S1MA3T2  H012M3MIG 
(S10S8, (S1003, (S1G333, (S)SOTH, (  S ) S JTH , { S ) i OTH  HQI2H3M1G 

(S)CJTH  HOI  2H3M I  G 
30*  3  =  1 0U2 
10*I8=S3U2 
SO*  S8  =  £3U2 
•£\ ( C0U2+S0U2+ i 3U2 )=A3U2 
COY  OT  03(2000. 0. TO. (  A0U2U0U2-.J  )28A>31 
COY  OT  03(2000. 0. TO. ( A3U2XS3U2-. U 28A  )  3 1 
COY  OT  00(2000. 0. T3.  (  A3U2U3U2-.1  )28A>31 

*0Y  OT  03 
30\  U3U2-A0U2)*Y.  +  3  =  3 
3\ ( I 3U2-A0U2 1 *£ • +33=30 
I 3\ ( S3U2-A0U2 )*Y.+JB*Iti 
i  8  \  ( S  3U2 - A3U2 )*£•+! 3= 10 
S3\(£0U2-A3U2)*Y.+S8*S8 
S8\(£3U2-A3U2)*£.+S0*S0 

10Y  OT  03 

I3*0.d+I .Sf-(iO*A2*>.-.I  > *IT  =  IH 
S3*0.d+i  .S£-<S0*A2*.-.I )*ST=SH 

IT*0.~.8<?0I=9AVH 
ST+A.+I .ddOi=SOH 
18-3=10 
S8-I 8=S0 
3AVH*i0=S0 

2S.i\(SOH*SO-SH*S8-iH*18+S0J=£ JH 

£ JH*2S.=SJH 
(ST-JT )\(SJH-S&1=SAU 
1T**.+| .dd0i=10H 
33*0. d+i  .Sf--(33*i*2A.-.i  )*3T=3H 
3H«3-IOH*IO+IH*I8=IU 
( lT-I2T)\ig=IAU 
O.S£-I2T=IOJH 
{i3JH-I2Hl\I0*I2 
1AU=(  JUOTH 
S AU= ( J  )  SOTH 
S  JH=( J ) S JTH 
f JH=( J  1C  JTH 
3= ( J  )03 33 


IOY 


COY 


AOY 


20Y 
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FDC( L ) =CF 

B2C(U*C2 

T  EMPF ( L )=TF 

STEAMU)  =  SI 

I F ( L . NE • 2 ) GO  TO  725 

HL2*(HTL2t2)+HTL2(  1)1/2. 

HL3=(HTL3I2H-HTL3(  1) )/2. 

UAl-(HTCl(2)-*-HTCll  l))/2. 

UA2*(HTC212)+HTC2( 1)1/2. 

TF*TEMPF41) 

IF< ABS{STEPTF).LT..9)TF=(TF+TEMPF<2 ) )/2. 

CF-FDC ( 1 ) 

IF(ABS(STEPCF).LT.  .0005  )CF=MCF+FDCt  2  )  ) /2. 
IF(ABSCSTEPCF)  .GT  •  .0005  )STEPCFssFDC<2)— FDC(l) 
lF(OL)708f708»709 

708  C2»B2C ( i ) 

STEPC2=B2C(2)-B2C( II 
GO  TO  710 

709  IF{ABS(STEPC2).GT.. 002 1  GO  TO  708 
C2- ( B2C (2)+B2C(l))/2. 

710  F=FEED( 1 ) 

IF{ABS(STEPF).LT.0.1 I GO  TO  712 
STEPF»FEED( 21— FEED ( 1 ) 

GO  TO  713 

712  F=CF*FEED(2))/2. 

713  IF( ABS(STEPSI > .GT. 0. 1 ) STEPS i =STEAM< 2 l-STEAM < 1) 
725  CONTINUE 

RETURN 

END 


30  =  UI303 


|  '  \  I  T  Ai>  oi  A)  AG  •  i T  >1 

-  f.  .  j » ;  '-ji  •  T  •  I  •  •  :  { i 


so*u>osa 

3T  =  ( J  I38M3T 
1  2s  (  J I MA3T  2 


2  ST  0T  00fS.3W.JHI 


.  i.  jf  »;>.••• 


S\< U )SJTH+(S JSJTH|*SJH 
S\< ( I  If  JTH  + ( S It  JTH)=t JH 
S\(  (  I  H0TH+(S)10TH>  =  IAU 


.S\{  (I  IS0TH+mS3TH)=SAU 

(  I  )33M3T  =  3T 

.S\(  l  SH<m3THT  1=37 (P.  .T J . t 3T93T2 ) 28A > 3  I 

Cl  1003  =  30 

.  S\  C  (SI003+  30  1=33  [it  000.  .T  J.  {  3393T2  )  2a  A  13  1 
(I ) 3G3-(SI 30 3=308 372(2000. .TO. (3383T2I28A  HI 

POT ,807,807 (J0I31 

«i»0Sa*S3  807 

( i  1 3S8- C  S  )3S8=S38jT2 
017  GT  00 

607  OT  QOISOO. .TO. < S083T2  I 26AI3I  P07 
.S\C(I )3S8*(S)3Saj=S0 

( i  10333  =  3  017 

SIT  OT  O0(I.0.TJ.(383T2)28A)31 
(I  I0333-(S)(J333  =  383T2 
f  IT  OT  00 

.S\C (S)033343)=3  S  1 7 

(  IIMA3T2-IS>MA3T2*I283T2  ( 1  .O.TO.  U233T2  I  28A  )3I  SIT 

3UWITWOO  2ST 
WHUT38 
aw3 


*  f  r  . 


.  A  •  .  I  • '  '*•« 

1  *|2.  T  >7 1  (J  ■  I AU 

C.n<  -ItT-i  J  13 

! AU  (  JHOT  I 

SJ  •  -<  J  l  ^  i  i 


m»i j»ejTM 
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SUBROUTINE  STEADY 

SUBROUTINE  TO  CALCULATE  INITIAL  CONDITIONS 
REAL  KLl,KL2,KC2 

COMMON  F,Bi,B2,SI, 01 ,02 , B 10 , B20, S IO,CF ,C 1 ,C2 ,C2R , VI , V2,W1 
COMMON  W2,W1R,W2R,DENS1, DENS2, TS1 , TF ,T 1 , T2 , UA1 , UA2 , HL2 , HF 
COMMON  HI, H2,HSI,STEPF,STEPCF,STEPTF,STEPSI  , STEPC2 , Y < l 5 > 
COMMON  D( 15 ) , E ( 20) , C ( 20 ) , S IGL10 ,0L , KL i ,KL2 ,KC2 , TL1 , TL2 
COMMON  TC2,TDC2,TI<100) ,G1(100) ,G2 ( 100 ) , NC , HL1 , HL3 , S I GS 10 
COMMON  SDENS, KMM,EW1,EW2 
DIMENSION  F I ( 3) ,FS ( 3) 

H02*1066.  1+.4*T2 
H2*T2*( l.-.454*C2)+6.*C2-32.i 
LL*  i 

C  CALC.  PROD.  RATE  FROM  OVERALL  MAT.  BAL. 

B2*F*CF/C2 

Nl*l 

C  ESTIMATE  VAP.  RATE  FROM  FIRST  EFFECT 
01*(F-82)/2. 

4  JJ*1 

C  COMPLETE  MAT.  BAL. 

5  Bl*F-Ol 
C1*F*CF/B1 
02*Bl-82 
N2=l 

C  ESTIMATE  TEMP.  OF  FIRST  EFFECT 
T 1*195. 

9  CONTINUE 

10  H1*T1*(1.-.454*C1)-32.1+6.*C1 

Q2*02*H02-Bi*HH-B2*H2+HL3 
TIT*T2+Q2/UA2 
DIF1*ABS( T  IT— T 1 ) 

I F (DIF 1—0. 001 >70,70,13 
13  Tl*( T1+T1T ) /2. 

N2*N2+1 

I F ( N2 . GE . 400 ) GO  TO  65 
GO  TO  9 

65  WRITE! 6,66) 

66  FORMAT ( 1HJ, 27H  CONVERGENCE  FAILURE  IN  Ti  ) 

GO  TO  167 

70  CONTINUE 
C  CHECK  AND/OR  ALTER  01 
HVAP*1098.-.6*T1 
SC* ( Q2+HL2 ) /HVAP 
FS( JJ )*SC-01 
DIF2*ABS(FS(JJ) ) 

IFI0IF2-0.00001) 86,86, 80 
IF ( JJ. GE. 2 )G0  TO  81 
011*01 

01*01*1.000001 
J  J*2 


80 


YGA3T2  3HlTUO>iaU2 

2MOITiaHn3  JAITIHI  3TAJU3JA3  OT  3HlTUOfl6U2 

S3>USJX,IJ*  J  A3  8 

I W,SV * XVtaS0tS3,13*33t0I2,aS8tQ18tS0*lO,I2,S8*18t3  H0MM03 
3H,SJH,SAUt  1AU*ST,1T,3T»  1 2T  ,S2H3(J ♦  12H3Q  , fl£W ♦  fll  W t  SW  H0MM03 
(e J  >Y, S3M3T2, l2  3  3T2,3Tq3T2«3  3M3T2  t3q3T2tI2H,SH,lH  mommoo 
SJT,lJT,S3»tSJ*t  iJXfJ0'0iJQI2'(0S)3«  (OS)3t (21 >0  HQMMQ3 
01  23 12  » f  JH  *  I  JH  t  Old  t  <  00  J  ISO,  fOOl  )10,  <001  )  1  T  *  SOOT  » SOT  HOMMOO 

SW3tl*3,MMX,2H3a2  MOMMOO 
if  >23,(€>I3  H0I2H3MI0 
ST *^.4i mddOl =  £0H 
1  .S€-S3*.d*CS3*«>2A.-.l  >  *ST  =  SH 

I  =  J  J 

• J A8  .TAM  JJA83V0  M0*3  3TA8  .3083  .0JA3  3 

S  3\3  3*3  =  S8 
1  =  1H 

T 33333  T28I3  MQ83  3TA8  •  9A  V  3TAMIT23  3 

*S\ (S8-3 ) =  10 

1  *Ll  A 

• JA8  .TAM  3T3J8M03  3 

10-3=18  e 

I8\33*3=I3 
S8-I6*S0 
1*SH 

T33333  T  2  fl  I  3  30  .3M3T  3TAMIT23  3 

.291=1T 
3UHI  TH03  9 

13*.d+l .S£-«10*A2*.-.X )*IT*1H  01 

€ JH4£H*£a+lH*i8-S0H*SO=SQ 
SAU\SO*ST=Ti T 
( XT-TlT)28A*13ia 
£  1 tO  T  t  OT ( 100.0-1310)31 

•S\ ( T1T+1T )*1T  f 1 
i+SM*Sld 

28  OT  00 1 00 A •  33  .Sid  )  3  1 

9  01  00 

(dd*8)3TI8W  ed 

(  IT  HI  3  8UJ 1  A3  33H3083VH03  HTS ♦ tHl ) TAM803  66 

Tdl  OT  00 
3UHITH03  OT 
10  83TJA  JIOXOWA  *33H3  3 

lT*d.-.8901*3AVH 
SAVHN ( S JH+SQ )  =32 
10*-02  =  ( IL )23 
( (LL)23)28A*S3I0 
08  td8,d8( XOOOO.O-S3IO )3I 

18  OT  00(S.30.tU3I  08 

10=110 

100000.1*10=10 
s=t  t 


o  o  o 


GO  TO  5 

81  01*011 -FS(  1)*01I *0*000001  / (FS(2)-FS(1)  ) 

Nl*Nl+l 

IF(N1.GE.200)G0  TO  84 
GO  TO  4 

84  WRI TE ( 6  f  85 ) 

85  FORMAT ( 1HJ*  27H  CONVERGENCE  FAILURE  IN  01 
GO  TO  167 

86  CONTINUE 
IF(LL.GE.2)G0  TO  88 
LL*3 

GO  TO  4 

88  CONTINUE 

C  CALC,  INITIAL  CONDITIONS 

DEN$i*(l.+.41*Cl)*(64.57-.022*Tl> 

DENS2*< l.+.41*C2)*C64.57-.022*T2) 

HOI* 1066. 1+.4*T 1 

HF*TF*< l.-.454*CF)-32. 1+6.0*CF 

Q1*F*(H1— HF ) +01*1  HOI— HI ) 

TS1=Q1/UA1+T1 
SI*Q1/(HS 1+32.0- 1.01 *T SI) 

W1R*DENS1*.610 
W2R*DENS2*. 425 
Y ( 2 )*W 1R 
Y(3)*H1*W1R 
Y(4)*C i*W 1R 
Y  t  5 ) *W2R 
YC6)*C2*W2R 
Y ( 7 ) *0 .0 
Y I  8 )*0.0 
Y ( 9 )*0.0 
DO  91  JP*1*  20 
C( JP)*C1 

91  E ( JP I *H1 
B10*B1 
B2G*B2 
SIO*SI 
C2R*C2 

B1N0R*B10/ 1 .33 
SIGL10*B1N0R**2. 0790021 
S INOR*S 1/ C  0.680*SDENS) 

S IGSIO*S I N0R**2. 1978022 

167  CONTINUE 
RETURN 
END 


18 


£8 

28 

68 


88 

2M01TICM03  JMTltfl  .3JA3  3 

( iT*sso.-Y2.»d  )*<  j3*j*.+.j  *=J2H3a 
(SI  *SSO.-Y2.tM>*(  SO*  !♦>.+  .]  )=S2tf3CJ 

IT**. +  1 • 6d0i *  JOH 
'-0*0. 6*1  .S6-C 33**2 A.-.i  )*3T*3H 
(  JH-JOH>*JO+( 3H-IH )*3*J0 
J7*IAU\ JQ*J2T 
( X2T#JO.i-O.S£+I2H)\I0*I2 

oid.»  I2i/i3a*«jw 
2S*.*S2H3a*asw 
«JW*(S) Y 
8JW*1H*<£ ) Y 
fljw«i3*mY 
>IS  W=  (  c? )  Y 
«SW*S3*td)Y 
0.0*(  Y>Y 
0 • 0* ( 8 ) Y 
0*  0* ( P ) Y 
OS  *  J  *8L  IP  00 
n*(U)3 
iHr(9U3  IP 
18*018 
Sti*0S8 
12*012 
S3*flS3 
££.l\0J8**0MJa 
JSOOPYO.S**flOl2J8*OJ JOI 2 
(2H302*Q8d«0)\l2  =flOHl 2 
SS08YPJ .S**fl0HI2*0I2012 

3UHITW03  Yd  J 
K>*UT3#  • 

an3 


e  ut  oo 

( ( i )23-(S123)\J00 000. 0*110* (J )23-I JO* JO 

*8  07  00<OOS.30.JH)3I 

*  OT  00 
(28, a  miflw 

(  JO  HI  3AUJIA3  33K30fl3Vrt03  HY  S  ,  LHJ  1  T  AKfi03 

Yd J  OT  00 
3UH I THOO 
88  OT  00 (S*30.JJ)3I 

£  *JJ 

*  OT  00 
3UWITH03 
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APPENDIX  7 

COMPUTER  PROGRAMS  FOR  SOLVING  THE  MODEL 

The  computer  program  for  solution  of  the  model  con¬ 
sists  of  a  main  line  program,  a  Runge-Kutta-Gill  integration 
sub-routine,  a  sub-routine  to  calculate  the  derivatives  for 
.integration,  a  sub-routine  to  control  the  print  out  and  a  sub¬ 
routine  to  apply  the  pertinent  perturbations  to  the  system* 

All  of  these  sub-routines  are  relatively  straight-forward  and 
thus  require  no  further  clarification. 

It  can  be  seen  that  the  perturbating  sub-routine  is 
called  from  the  integration  routine  4  mins,  (real  time)  after 
the  solution  has  been  started.  This  was  done  simply  to  be  able 
to  check  if  the  initial  conditions  produced  by  the  steady  state 
routine  were  truely  steady  state. 

For  experiments  1,  2,  5  and  6  in  which  there  was  a 
change  in  feed  tanks  at  the  start,  it  was  determined  experi¬ 
mentally  that  approximately  three  minutes  were  required  for 
any  changes  in  feed  concentration  and/or  feed  temperature  to 
reach  the  process.  Therefore,  for  the  above  experiments, 
these  perturbations  were  imposed  on  the  system  3  minutes  after 
the  initial  perturbation. 
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c  - 

C  SIMULATION  OF  A  TWO  STAGE  CONCENTRATING  EVAPORATOR 

C 

C  . INPUT  DATA 

C 

C  K.L1  , KL2»KC2*PR0P0RTIGNAL  BANDS  OF  THE  INDICATED  CONTROLLERS 

C  TL1  *7X2,  TC2*  INTEGRAL  TIMES  OF  THE  INDICATED  CONTROLLERS 

C  TDC2*OERIVATIVE  TIME  OF  THE  COMPOSITION  CONTROLLER 
C  F,CF,TF=»FLOW,  CONC.,  AND  TEMP.,  OF  THE  FEED  AT  STEADY  STATE 
C  STEPF,STEPCF, STEPTF, STEPSI , STEPC2*PERTURBATI ONS  IN  THE 

C  INDICATED  PARAMETERS 

C  H= INCREMENT  SIZE  IN  THE  INTEGRATION  SUBROUTINE 
C  END- DURATION  OF  EXPERIMENT 

C  WRT E*T IME  BETWEEN  PRINTOUTS 

C  OL*FLAG-  EQUALS  -1*  FOR  OPEN-LOOP  TESTS  AND  ♦!.  FOR  CLOSED 
C  B1,B2*B0TT0M  PRODUCT  FROM  THE  FIRST  AND  SECOND  EFFECTS 
C  01 , Q2*0VERHE AD  FROM  THE  FIRST  AND  SECOND  EFFECTS 

C  S  I*STEAM  TO  THE  FIRST  EFFECT 

C  CL* C2*C0NCENTRAT IONS  OF  FIRST  AND  SECOND  EFFECTS 
C  TS1,TI»T2*TEMPS  OF  THE  STEAM, FIRST  AND  SECOND  EFFECTS 
C  SDENS-SQUARE  ROOT  OF  SUPPLY  STEAM  DENSITY 
C  HS I-ENTHALPY  OF  SUPPLY  STEAM 
C 

REAL  KL1 * KL2 , KC2 

COMMON  F,B1,B2,SI*01,02,B 10, B20, S 10 ,CF ,C 1 ,C2,C2R,V1,V2,W1 
COMMON  W2, W 1R, W2R, DENS 1,DENS2,TS1,TF,T1,T2,UA1, UA2 , HL2 , HF 
COMMON  H1,H2*-HSI,STEPF»ST£PCF, STE PTF,STEPSI,STEPC2,Y(15) 
COMMON  D( 15) , E ( 20} , C ( 20 ) , S IGL10,0L, KL1 , KL2 , KC2 , TL 1 , TL2 
COMMON  TC2,TDC2,TI (100) ,G1( 100),G2< 100 ) , NC , HL 1 ,HL3 , SI GS 10 
COMMON  SDENS,KMM,EW1,EW2 
DIMENSION  AP(12),AQ(12) 

DO  708  KMM*1,10 
READ! 5,17)  H, END, WRTE 
READ!  5,  UINRUN 
WRITE<6,33) 

WRITE(6,21) NRUN 
READ(5,L2)(AP( I ), 1-1,12) 

READ! 5,12)  (ACM  I ) , 1  =  1, 12) 

WRITE ( 6,22) (AP( II* 1*1,  12) 

WRITE(6,34) (AQ( I),  1*1,  12) 

WRITE( 6,23) 

READ! 5,15)F,B1,B2,CF,C1,C2,TF,TS1,T1,T2,HSI 
WRITE! 6,25) 

WRITE(6,26)F,B1,B2,CF,C1,C2,TF,TS1,T1,T2,HSI 
L*  1 

CALL  DATA ( L ) 

READ(5,15)F,Bl,B2,CF,Ci,C2,TF,TSl,Tl,T2,HSI 
WRITE ( 6,27 ) 

WRITE(6,26)F,B1,B2,CF,C1,C2,TF,TS1,T1,T2,HSI 
READ! 5,16)STEPF,STEPSI , STEPCF , STEPTF , STEPC2 , OL 
L*2 


I  ♦ 


%  • 


*10TAfl03AV3  0H1TA8TH3OHOO  30AT2  CiWT  A  30  H0ITAJUMI2 

AT AQ  TU3HI 

2fl3JJO87HO0  03TA3I0HI  3HT  30  20HA8  JAHO  1 T  909089  =  SOX  ,SJX,IJ.X 
2fl3JJOflTHOO  037  A3 1  OH  I  3HT  30  23MI1  JAA03TH I =SOT , S JT , I JT 
3 J JQJU  HOO  HUITI20<MG3  3HT  30  3MIT  3V  I  TAV 1  «30-S00T 
3TAT2  Y0A3T2  TA  0333  3HT  30  ,  .3M3T  QUA  ,.OHOO  , W0J3*3T ,33, 3 
3HT  Hi  2H01TA8£UT£i3<l*S3tl3T2,I2<HT2t3TS3T2,30t(3T2,333T2 

2«3T3MA«AS  CJ3TA3I0H1 

3H l  TUGH8U2  H0ITAA03TH1  3HT  HI  3512  TH3M3A0H I *H 

TH3Mi83<7X3  30  H01TA8U0=aH3 
2TUGTHIX3  H33WT38  3MIT=3T*W 
0320 JO  *03  .14  OHA  2T23T  S00J-H330  *03  .1-  2JAU03  -GAJ3*J0 
2  T  03  33  3  OHOO.32  OHA  T2*13  3HT  M0*3  TOUQOa*  MGTT0«*S8, 18 
2 T 0 3 3 3 3  0H0032  OHA  72*13  3HT  M0*3  0 A3H*3  VG*SO  *  10 

T  033  33  T2*13  3HT  OT  MA3T2  =  I2 
2  T  3  3  3  3  3  0H0032  OHA  T2*I3  30  2H0I T AflTH33H03*S3 , 10 
2 T 0333 3  QH0032  OHA  T2*I3,MA3T2  3HT  30  2SM3T=ST , 1 T , I2T 
YT12H30  MA3T2  YJ**U2  30  TOO*  3*AU02=2H3Q2 

MA3T2  YjqqU2  30  Y«UAHTH3*I2H 

SOX,SJX,iJX  JA3* 

1W,SV, IV,*S0,S0,I3,33,0I2,0S8,0I8,SQ,i0tI2tS8,I8,3  HOMMOO 
3Ht  SJH,SAU, IAU,ST, IT, 3T, 1 2T f S2H30, I 2H30 * *Sw , *1 W , S W  HOMMOO 
( 21 )Y,S393T2, 12C|3T2,3TS3T2,30*BT2,39  3T2, 12H,SH, JH  HOMMOO 
SJT  ,1  JT,S3X,SJ>I,  iJ*,JO,Oi  JOI2,(OS)0,  (0S)3,  (21  )0  HOMMOO 
OI2012,fc JH,1JH,DH,(00I ISO, (001 ) 10, (001 ) IT, SOOT ,SOT  HOMMOO 

SW3, JW3,MMX,2H3G2  HOMMOO 
(SI JQA» ( SI ISA  H0I2H3M10 
01 ,1*MMX  80Y  00 
3T*W,0H3,H  (Y1,2)0A3* 
HUflH ( X i ,2 I0A3* 
t  ££  «d 1 3T I *W 
HU*H  C iS,d) 3T  I  *W 
(Si, 1*1, (1 >SA)(S1,2I0A3« 
(Si ,i*i ,( noA>  (si,eioA3* 
(Si  ,1*1  ,( 1  ISA) (SS,d)3T I*W 
(Si  ,1*1  ,  (  I  )0A  )  Ot  ,6  )  3T  I*W 

(€S,d)3TI*W 

I2H,ST,IT, 12T,3T,S3,i3,30,S8,ia,3(2I ,2 I0A3* 

(2S,d)3Tl*W 

I 2H, ST, 1 T ,I2T,3T,S 0,10,30, S8 , 18,3 (dS,d )3TI *W 

i*J 

(J)ATAO  JJAO 

12H,ST,IT,I2T,3T,S0,10t33,S8,I8,3(ei,e)QA3« 

(\S,d)3TI*w 

12H,ST«IT,12T,3T»S0,I3,30,S8,X8,3(dS,d)3TI*W 
JO,S03jT2,3T9312,30h3T2 ,  I2M3T2 ,333T2 ( di ,2 10  A3* 

S*  J 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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708 

11 
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35 

36 


CALL  DATA!L) 

WR ITE ! 6, 30 ) 

WRITE ( 6, 29) UA1 , UA2 ,HL2 , HL3 

READ(5,  18)KL1,KL2,KC2,TLI,TL2,TC2  ,TDC2,SDENS 
WRITE (6, 31) 

WRITE!6,32)KL1,KL2,KC2, TH ,  TL2 ,  TC2,  TDC2 
NC*0 

SDENS= i*/SDENS 

IF!KMM.EQ.7)UA1*1.25*UA1 

I F ( KMM • EQ • 8 )U A2= 1*  25*UA2 

IF(KMH.EQ.9)HL2*HL2*1.25 

IF!KMM.EQ.10)HL3*1.25*HL3 

CALL  STEADY 

WRITE! 6*28) 

WRITE!6,35)F,B1,B2,CF,C1,C2,TF,TS1,T1,SI 

CONTINUE 

N=9 

CALL  INTEG!H,END,WRTE,N) 

WRITE ! 6,36) 

WRITE!6,35)F,B1,B2,CF,C1,C2,TF,TS1,T1,SI 

CONTINUE 

FORMAT !  IX ,  1 2 ) 

FORMAT! IX, 12A5) 

FORMAT! IX, 3A6) 

FORMAT! 1X,3F6.3,3F8.5,4F6.1,F7.1) 

FORMAT !1X,2F6.3,F7*4,F5«1,F7«4,F4*1) 

FORMAT (1X,F5*2,F7*1,F4.1) 

FORMAT !1X,3F6.1,4F5«1,F7«2) 

FORMAT! 1HK,37X, 10HEXPER IMENT , 1 3 ) 

FORMAT! 1HK, 14X,12A5) 

FORMAT! 1HK, 31X, 10HINPUT  DATA) 

FORMAT ! IX , 14X , 2HF= ,F6«3,5H,  B1=,F6.3,5H,  B2~,F6.3,5H,  CF=,F8.5,5H, 
1  C1*,F8.5/13X,5H  C2*,F8*5,5H,  TF*,F6.1,6H,  TS1* ,F6. I , 5H,  Tl*,F5.i 

1,5H*  T2=,F6.1/13X,6H  HSI*,F7.1) 

FORMAT ! 1HJ, 14X, 18HINITIAL  CONDITIONS) 

FORMAT! 1HJ, 14X,16HFINAL  CONDITIONS  ) 

FORMAT! 1HJ, 14X, 29HCALCULATED  INITIAL  CONDITIONS  ) 

FORMAT  !  15X,  4HUA13*,  F6«2 , 6H,  UA2S,F6«2,6H,  HL2*,F7. 2 , 6H,  HL3=,F7.2) 
FORMAT! 1HJ, 14X, 21HCALCULATED  PARAMETERS  ) 

FORMAT! 1HJ,14X,19HCONTROLLER  SETTINGS  ) 

FORMAT! 15X,4HKL1*,F5*1,6H,  KL2=,F6. 1 ,6H,  KC2*,F6. 1 ,6H,  TL1=,F5.1,6 
1H,  TL2=,F5.1/13X,6H  TC2*, F5. 1 , 7H ,  TDC2^,F4.1) 

FORMAT! 1H1) 

FORMAT ! 15X, 12A5) 

FORMAT (IX, 14X,2HF« ,F6« 3, 5H,  B1*,F6,3,5H,  B2*,F6.3,5H,  CF=,F8,5,5H, 
1  C1*,F8.5/13X,5H  C2*,F8.5,5H,  TF*,F6^1,6H,  TS1= , F6. 1 , 5H,  T1=,F6.1 

2, 5H,  SI*,F6.3) 

FORMAT! 1HJ,14X,27HCALCULATED  FINAL  CONDITIONS  ) 

END 
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3  T/.T 


(JIATAG  JJAO 
(0£,d )3TIflW 
i  JH,SJH,SAU,IAU(PS,d  IJTltfW 
2tf302  ,  SOOT,  SOT  ,SJT,  I  JT  ,  SOX , S JX , I JX ( 8 J  ,8)0A3fl 

(I£,d)3TIflW 

SOOT ,S3T,SJT,I JT ,SOX,SJX,I JX(S£,dJ3TIflW 

0*3H 

2H302\.I=2^302 
IAU*i?S.I  =  lAui(T.Q3.MMX)3I 
SAU*dS .I=SAU<  9.03. MMX )31 
<*S  •  I  *S  JH  =  S  JH(  P.Q3.  MMX  )  3  I 
£JH*eS. I*EJH( 01.03. MMX) 31 

YOA3T2  JJAO 
(8S,a»3T!SW 

I2,IT,I2T,3T,SO,I3,30,S8,I8*3(e£fd) 3TI8W 

3UMITMOO 
P  =  tf 

( Ht3TflWt0VI3*H)03THI  JJAO 

Cd£«d)3TI*W 

l2tIT,J2Tf3T  tS0  •  ID,  30,  S8, 18, 3Cc!£,d)3Tiaw 

3UMITMOO 
(SI  ,XI ITAM803 
(  <?  AS  J  ,Xi  )  TAM803 
(dA£ ,XI )TAM«03 
(I.T3,I  .d3A,<?.8  3£,£.d3£tXI  ITAM8Q3 
(  I.*3,**.T3,  J  .<?3,*.T3f£.d3S,Xj )  TAMH03 
( I  .<>3,1 .T3,S.e3, XI )TAM«03 
(S.T3ti.<!3^tX.d3£txnTAN«03 
(U ,TH3MI fljqXOHOI ,XTE ,XHi ITAM803 
(  2  AS  I  ,  X*1  ,XHI  I  TAM8D3 
(ATAO  TU3HJH0i  ,  XK  ,XHI)TAM803 
He, c.  83* =30  ,H2,£.d3,=S8  fH2,£.d3,=I8  ,  H8  ,  £  .d3  ,  =3HS  ,  XM  ,  X  J  IT  AMfl03 
.<H,=IT  ,  He* ,  J  •  d  3 ,  =  J  2 T  ,Hd,I.d3,*3T  ,H2 ,2 .8 3  ,  =  S3  Hd  ,  X€  i  \  d  .8  3  ,  =  I  3  i 

tl. Y3,*I2H  Hd  ,X£i\I .d3,=ST  ,He,l 
(2H01T1UK03  JAlTIidlHBI  ,  XAI  ,LHI  ITAM8Q3 
(  2 HO I T 1 QHOO  JAHI 3Hdl ,XAi ,LHI ) TAM#Q3 
(  2M0ITI(]tf03  J  A I  T1HI  O3TAJU0JA0HPS,XiM  flHJ  ITAM803 
l  S  *7  3 , =t  JH  ,Hd, S.Y3,=SJH  *Hd , S .d3  ,  =S AU  ,Hd , S.d3 , = j AUHA , Xdl ) TAM8U3 

(  2*3T3MA*A9  G3T A JUO JAOHi S , XAi , IHI ) T AM#Q3 
(  20HITT32  H3JJ0>iTH03HPl  ,X*i  ,lHUTAMfl03 
,I.23,=IJT  , Hd , I  .d3 , =S3X  , Hd , I  .d 3 , =S J X  ,  Hd  ,  I  .  <?  3  ,*  I  JXHA  ,  Xc!  I  IT  AMflU  3 

(I.<M,=SOOT  ,  HY ,  I  .23  ,*S3T  Hd , X£ J \ J . 2 3 , =S JT  ,HI 

( 1 H J )TAMfl03 
{ <?ASI ,  X8I ) T  AM80  3 

H  5, 2. 83, =30  ,H2,E. d3,=S8  ,  H2  ,  £  .d  3  ,  =  J  8  ,  H2  ,  £  .d3  ,  =3HS .  XA  I  ,  X  I)  T  AM803 
•  d3  ,  =  i  T  ,H<? «  i  .d3«  =  i2T  *Hd,l.d3,=3T  ,H2,2.83,=S3  Hi? ,  X£  i  \<? .  83  ,  =1  0  1 

<£.d3,=I2  f H? , S 

(  2H0  1  T  IGIA03  JA/.I3  03T  A  JU  0  JAOHT  S  ,  X*  J  ,  LHU  T  AM8Q3 

0H3 


1V,*S| 
S  Alj ,  1 1 
♦  S.  09  i  1 
,  1 JT  «V 


TOT 


80  T 
II 
SI 
£  i 
ei 
di 
T I 
81 
IS 

ss 

£S 

dS 


2S 
TS 
8S 
PS 
0£ 
I  £ 
S£ 

££ 

A£ 

2£ 


d£ 
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SUBROUTINE  INTEG( Ht END, WRTE ,N ) 


INTEGRATION  SUBROUTINE 

D( I)=DERIVATIVE  OF  EQUATUON  I 
Y 4  I )*VALUE  OF  THE  ITH  INTEGRAL 

DIMENSION  A(4),B<4> ,G(4),Q<20) ,CE ( 20, 4 ) , COLL ( 20 ) 

REAL  KLl, KL2, KC2 

COMMON  F,Bl,B2,SI,01,Q2,B10,B20,SI0«CF,Cl,C2,C2R,Vl,V2,Wl 
COMMON  W2, VI IR, W2R, DENS I , DENS2*TS1*TF*T1»T2»UA1»UA2*HL2,HF 
COMMON  Hl,H2,HSItSTEPF,STEPCF, STEPTF , STEPSI,STEPC2,Y(15) 
COMMON  D( 15 ) , E ( 20) ,C ( 20 ) , S IGL 10t0L , KLl , KL2 , KC2 , TL1 , TL2 
COMMON  TC2,TDC2,TI( 100) ,Gl( 100) ,G2< 100 ) , NC , HL1 ,HL3 , SI SS 1 0 
COMMON  SDENS,KMM,EW1,EW2 
LOGICAL  TEST ,CHCK 

INITIALIZATION  OF  THE  RUNGE-KUTTA-GI LL  INTEGRATION 


A( 1 )*• 5 

A( 2 )*  1 .—SORT ( .5) 
A(3)*i.+SQRT< • 5 ) 

A(4)*. 16666667 
B(l>®2. 

BI2)*1. 

8 ( 3 )  =  1  • 

B ( 4 ) *2 • 

G< 1 )=• 5 
GC  2  )*A( 2 ) 

G( 3  )*A( 3) 

G<4)*.5 

C 

TEST*. FALSE. 

CHCK*. FALSE. 
TIME*WRTE-H/2. 

Y<1)*0. 

DO  201  1*1, N 

201  Q(  I )=0. 

M=  1 

202  CONTINUE 

DO  203  J* 1 , 4 
CALL  DYDT ( J , H ) 

DO  203  1*1, N 
X=A(J)*(D( I }—B(J)*Q(  I)  ) 

Y ( I )*Y i I ) ♦H*X 
QII)*QIIH3.*X-G{J)tDII) 

203  CONTINUE 

204  NPERT*IFIX( YC 1) ) 

I F 1  TEST )G0  TO  207 
I F 4 CHCK )G0  TO  205 
I F ( NPERT. NE .4 )G0  TO  205 
CALL  STEP (TEST, CHCK) 


(H*3TflW * 0H3  » H ) 331/ 1  3HITUQ*aU2 

3HlTU0ftfiU2  HQ I T  A833TW1 

I  /0UTAUQ3  30  3VI TAVI fl3G  =  ( I >0 
J  AJR33T  /  I  NT  I  3HT  30  JUJAV^tliV 


(OS)  JJOO,  (  A,  OS)  30*  <0S»Q,  <  A)3,  (  A*a,  (A)  A  HOI2K3M1G 

SO»*SJ>MJX  JA 3ft 

Xrt*SV* 1V,*S0, SO,IO,30,OI2fOSa,OJa,SC,IOtI2tS8tiat3  HOHMOO 
3HtSJHfSAU,XAU,ST,X7,3T,  X  2T  ,  S2H30  ,  X  2/3CJ ,  #SW  ,  fll  W  ,  SW  UIOMMOO 
<2X  )Y,S03  3T2*  I233T2*3T33T2t30c)3T2»3cl3Ti;*I2H*SH*iH  HOMMOO 
SJI  *  I  -IT  «  SOX  « S  JX  (  UXf  J0*01 J3I2* <0S)3,  C0S)3«(?1)Q  HOMMOO 
UI23I2t£JH,IJH,0H,  ( 00DS3*  ( OOX  ) X 0,  ( 00 J  )  1  T  , SOOT  ,SDT  tfOMMOO 

SW3,1W3,MM*,2/3U2  /OMMUO 
*0H3*T23T  JA0I3UJ 

/iOITAfl33THI  JJ IO-ATTUX-33/Ufi  3HT  30  MOITA  SI  JA  I  TIM 


2  •  =  (  X  )  A 

(e. )  r*u2-. i  =  e s )a 

(2,  )T«02+.l=t£)A 
V  ddddddl • * ( A ) A 
.S*tl )Q 
.!*( S)a 
.  x  *  <  t )  a 
.s*<A>a 
?.*mo 

(  S  )  A  *  (  S  1 0 
l£  )A*(£  >3 
2  .  =  ( A  )  0 

0 

•  32  JA3 . =T23T 

•  32 JA3 « =XOHO 
.S\H-3T«W*3Mi T 

•  0= ( X ) Y 
IA»I*I  I  OS  00 

.0  =  H)0  XOS 

i*M 

3USA I  THOO  SOS 
A,1=L  £  OS  00 
( H »  L  J TOYO  JJAO 
W*1=I  £0S  00 
(  (I  )0*tl)fl-{ I ) 0 ) * ( L  X A-X 
X*H* (I)Y=(I)Y 
(I)0*(  U3-X*.£+(  I  )0*(  I  )0 

3UH1TW00  £0S 
{ (i)Y  )XI31 *TK3SH  AOS 
70S  OT  03 ( T23T ) 3 1 
20S  OT  03 ( XOHO  >31 
20S  OT  00(A.3H.T«3SM)3I 
(XOHO, T23T)q3T2  JJAO 


O  O  O  O  O  O  OOfS 


GO  TO  205 

207  IFINPERT.NE.7JG0  TO  205 
CALL  STEP(TEST»CHCK) 

205  IFIYI i).LT.TIME)GO  TO  202 
CALL  PRINTITIME, WRTE,COLL) 
IFIYI 1).LT# END-H/2 • )G0  TO  202 
RETURN 
END 
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SUBROUTINE  DYDT<J,H) 

SUBROUTINE  TO  CALCULATE  THE  DERIVATIVES  FOR  THE  INTEGRATION 
REAL  KL1*KL2* KC2 

COMMON  Ff B1,B2, SI , 0 1 ,02 , B 10. B20 , S 10 ,CF * C 1 , C2 ,C2R , VI ,V2,Wl 
COMMON  W2, WlR,W2R,DENSl,DENS2,TSl,TF,TltT2,UAl,UA2tHL2,HF 
COMMON  Hl,H2,HSI»STEPF,STEPCFfSTEPTF,STEPSI,STEPC2,Y(  15) 
COMMON  D( 15 ) »  E ( 20) , C( 20 ) , S IGL 10 ,0L * KLl ,KL2 , KC2 * TLl , TL2 
COMMON  TC2»TDC2«TI(100)»Gi(100)«G2{100)tNC»HLlfHL3*SI3SI0 
COMMON  SDENS,KMM,EW1,EW2 
NZ*20-IFIXI4.0/(B1*H)) 

W 1*Y( 2 ) 

H1*Y ( 3 ) /W 1 
C1*Y(4)/W1 
Cl 20I*C1 
E ( 20 )*H1 
W2*Y <  5 ) 

C2*Y(6)/W2 
EW 1*2*  05* ( Wl— W1R ) 

EW2*2*  05* ( W2— W2R ) 

SIGL1*10.*<EW1*YI7> )/KLl+SIGL10 
B1*1.33*(SIGL1**.481) 

DELV*3.9413* ( EW2+Y ( 8 ) ) /KL2 
82*B20*( 10*  **DELV) 

T 1* ( Hl+32*  1— 6* *C  1 )  /  (  l.-*454*Cl) 

HF*TF*  < 1*-.454*CF)— 32* i+6*0*CF 
H2*T2* I 1*-*454*C2) ♦6**C2-32*1 
Q2*UA2*<T1-T2) 

H02*1066*  i+*4*T2 
HVAP*1098.-.6*T1 
H01*1066.1+.4*T1 
DHDC*6*18-.454*T2 

02* ( Q2— HL3+B1*  { El  NZ )-H2~DHDC* ( C<NZ)-C2)) )/(DHDC*C2*H02~H2) 
01* ( Q2+HL2 ) /HVAP 
IF<OL)301,301,302 
302  EC2*(C2R— C2 )/*001 

FDERC2*(B1*(C2-C<NZ> )-02*C2>/< 0.001* W2) 

SIGSI*100.*(EC2+Y(9)*T0C2*FDERC2)/KC2+SIGSI0 

SI*0.680*SDENS*(SIGSI**.455) 

301  TS1*(  S  1*1  HS  I+32.0I  -t>Tl*UAl ) /  (  UA1+1 .01*SI ) 

Qi*UAl *( TS 1— T 1 ) 

D(l)*l. 

D<  2 )*F— Bl-Oi 

D( 3 )*F*HF+Q 1— B l*Hl-0l*H01 
D(4)*F*CF—BI*C1 
D( 5)*B1—B2— 02 
D(6)*B1*C(NZ)-B2*C2 
D( 7 )*EW1/TL 1 
D(8)*EW2/TL2 
D( 9 )*EC2/TC2 
IFU.LT.4)G0  TO  304 


( H  ,  l  )  T  0  Y  G  3imU0fl8U2 

H0ITAH33TH1  3H7  *03  23VlTAVl>i3G  3HT  3TAJU0JA0  OT  3tfITU0A8U2 

SO*,S JX,i JX  JABfl 

lw,$V,  i  V, *S3, S3, 1 3, 33, 01 2, OS8, 01 fi, SO, 10, 1 2, 58,18,3  M0MM03 
-iH,SJH,SAU,  1  AU,ST,1  T  ,3T,12T,S2H3a,  12tf30  ,fl£W,fllW,SW  H0WM03 
( e I )Y,S333T2, I233T2,3Tq3T2,3333T2,333T2, I2H,SH, 1H  K0KM03 
£  JT  ,  1  JT,S3>I,SJX,  I JX,  JO,OJ  J312,  (OS  >3,  (OS  ) 3,(61  )0  M0MM03 
Ql2CI2,£JH,iJH,3H,  (001  ISO,  <001)13,  COO  I  )  IT,  SOOT  ,  SOT  M0MM03 

SW3,i*i3,MMX,2H3G2  HGMM03 
((H#I8)\0Um31-0S=XH 

( S  )  Y  =  1 W 
I  W\(  £ ) Y*iH 
1W\U)  Y=13 
i 3  =  ( OS  I  3 
1H=C0S)3 
<2  >Y=SW 
SW\(<MY=S3 
(fllW-IW)*20.S*iW3 
f  flSW-SW)*i,O.S*SW:l 
01  J3I 2+1  JX\C  mY+lW3)*.0i»iJ3I2 
( 18A.«*i J0I2)*££.l=Id 
SJX\<  (8)  Y4SW3)*£lt>e.€=VJ3G 
( V J3G*» .01 )  *QS8*S8 
(13UU.-.1  )\(i3«.d-I.S£4lM)*lT 
33*0.d+l .S£-(33*A2A.-.l )#37=3H 
I.S£-S3*.d+<S3*AU.-.I  )*ST=SH 

( ST-1 1 )  *SAU=SQ 
STU.  +  l . ddOI -SOH 
iT*d*-*8P01»SAVH 
ITU.  +  l  •  ddO I  *  1  OH 
swe*.-8i,d=oaHa 

(  Sh-S0H4S3*3aHG)  \  (  (  (  £3-(£H)3)*3GHG-SH-{X^>3)*784£JH~S0)=S0 

3AVHV ( S JH+S0 )  =1 0 
S0£,10£,I0£(  JOHi 
1 00 . \ { S3-#S3 )  =  SD3 
<  SW *100.0 )\ (SO*SO-( (  )3-$3)*18  )=S3fl3G3 

0I23I2  4S3X\(S3X3CH*S3aT+K  1Y+S33)*. 00 1=12312 

( 22*,**I2312 )*2H3G2*08d.0=I2 
( I2*I0.I+1AU)\( 1 A  U  *  1  T  + (O.S£4l2Hl*I2 J*I2T 

( 1T-I27 )*1AU=1U 
.1=11 )0 
io-ia-3=( s ) a 
lOH*lO~lH*18-I043H*3={£)a 
13*J8-33*3=U)Q 
so-S8“i8=(e)a 
S0*S8-(SH)3*18=(d)G 
I JT\1W3=(V )U 
S JT\SW3=(8)G 
S37 \S33= I P ) G 
AOf  OT  03U.TJ.im 


S0£ 

10£ 


o  o  o 


00  303  J I* 1  *  19 
C< JI)=C< JI*1) 

303  E(JI)  =  EIJIU) 

304  CONTINUE 
RETURN 
END 
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SUBROUTINE  STEPC T6ST,CHCK  ) 

THIS  SUBROUTINE  PERTURBATES  THE  SYSTEM  OF  EQUATIONS 
REAL  KL1,KL2,KC2 

COMMON  F, B1,B2, SI ♦ 01 »02 ♦ B 10* B20, S IO,CF ,C 1 , C2 »C2R , Vi , V2,  Wi 
COMMON  W2,WlR,W2R,DENSl*DENS2tTSl*TF,Tl,T2,UAi,UA2,HL2,HF 
COMMON  Hl,H2,HSI*STEPF,STEPCF,STEPTF,STEPSI»STEPC2,Y<15) 
COMMON  D< 15 ) *  E< 20) * Cl 20 ) , S IGL10, OL* KL l *KL2 , KC2 » TL1 , TL2 
COMMON  TC2*TDC2* TI ( 100) ,G1< 100) ,G2( 100) ,NC,HLl ,HL3* SISSIO 
COMMON  SDENS,KMM,EW1,EW2 
LOGICAL  TEST»CHCK 
IFITESTJGO  TO  601 
F*F+STEPF 
S  I*SI+STEPS  I 
C2R*C2R+STEPC 2 
.  CHCK*.TRUE. 

I F ( ABS I STEPTF ) .GT. 1. 00) TEST*. TRUE . 

I  FI ABS I STEPCF ) .GT. .001 ) TEST*. TRUE. 

GO  TO  610 
601  CF*CF+STEPCF 
TF*TF+STEPTF 
TEST*. FALSE. 

610  CONTINUE 
RETURN 
END 


{  XDHO, T23T  3k!lTUO«8U2 


8^0  1 T AU03  9U  M3T2 Y3  3HT  e3TA8*UT«39  3tfITUO>?«Ua  a  1  NT 

SiDX  tS  ,  J  _M  JA3fl 

IW, SV, IV, ASOtSOt 1 0» 30,012, OSa*OJ8,SO, 10  ♦  12,56,18,9  HOMHOD 
9H,SJH,SAU,iAU,ST,  IT,  9T«  127  ,  S2U3C1 ,  I  2H30  *  AS  W  .  fli  M  ,  SW  tfOMMOO 

( e i >Y,SD93Ta, 12937  a, 919372,909312 ,9931 a, i2m,sh,ih  kowmoo 
5  JT  ,iJT,S3X,SJ>i«iJ^,-J0«0iJdia«(0£)3«  (OS ) 3 , ( 2 J  )G  HOMMOO 
oiaciaa  jh,x  jh, on, (ooi  jso, (oomo,  (ooi )  it, soot, sot  hommoj 

SW3,iW3,MM>l,aiX30a  tfOMMOO  . 
>IOHO,  T  23T  JAOIOOJ 
106  OT  00( T23T )9  1 
9931249-9 

129312412=12 

S093T24«S0=9S0 
•  3U9T  •  =>10H3  .  • 

.3U«T.=T2  3T«OO.i  .TO.  (9T93T2I28A  HI 
•  3UXT  .  =  T2  3T (iOO. .T0.(3093T2J28A)9I 

Old  DT  03 
9393T2490*30  iQd 


9T93T2497 =31 
.32JA3.=T23T 


3U^1TH0D  Old 
tfflUT3fl 
QK3 


o  o  n 


non 


SUBROUTINE  PR INT < T I ME , WRTE ,COLL ) 

SUBROUTINE  TO  CONTROL  PRINT-OUT 
REAL  KL 1 , KL2 *  KC2 

COMMON  F,BI,B2,SI,01,02,B10,B20,SIO,CF,C1,C2,C2R,V1,V2,W1 
COMMON  W2,W1R,W2R,DENS1,DENS2,TS1,TF,T1,T2,UA1,UA2,HL2,HF 
COMMON  H1,H2,HSI,STEPF,STEPCF, STEPTF, STEPSI , STEPC2 , Y( 15) 
COMMON  D! 1 5 ) * E ( 20) ,C ( 20 ) , S IGL10,0L ,KL1 ,KL2 , KC2 , TL1 , TL2 
COMMON  TC2,TDC2,TI  ( 100)  , GUI 00)  ,G2!100)  ,NC  ,HL1  ,HL3  ,  SIGSIO 
COMMON  SDENS,KMM,EW1,EW2 
DIMENSION  COLLI  15) 

NC*NC+1 
PC1=100.*C1 
PC2- 100**C2 
TT*Y! l)-4.0 
RL 1®EW 1*2*  5+40*0 
RL 2= EW 2*2*5+55,0 
IFINC-NE.UGO  TO  820 
WRITE (6*806 ) 

WRITE! 6*801 ) 

WRITE! 6*802 ) 

820  IF(NC.NE.52)G0  TO  821 
WRITE! 6,806) 

WRITE! 6,804) 

WRITE ( 6*  802 ) 

821  IF! NC*NE* 104)G0  TO  822 
WRITE! 6y  806 ) 

WRITE! 6*804 ) 

WRITE! 6,802) 

822  IF(NC*NE*156)G0  TO  823 
WRITE! 6y  806 ) 

WRITE! 6,804) 

WRITE! 6, 802 ) 

823  WR ITE! 6,803 )TT, PCI, PC2 , B 1 , B2 , SI ,0 1 , 02, RL1,RL2 
TI(NC)*Y(1) 

G1!NC)=C1 
G2 ( NC )-C2 
T IME*T IME+WRTE 
RETURN 

801  FORMAT! 1HL) 

802  FORMAT! 14X,58HTIME  Cl  C2  B1  B2  SI  01 

1  L2/) 

803  FORMAT (12X,F6*i,F6*3,F7*3,5F6*3,2F6*l) 

804  FORMAT! 1HK, 11X,7H. .CONTD) 

805  FORMAT! IX, 5E16*8) 

806  FORMAT! 1H1) 

END 


(  JJ03,3T*W,  3tfITU0f!HU2 

TUO-THl«q  JOflltfOO  OT  3t*ITUO*8U2 


S0>t  ♦  S  J>»  ♦  1  JX  JA3# 

iw,sv, iv,*s3,so, i3,33,Qi2,os0,oi8,sG,io,i2tsaf ja,3  hommoo 
3H,SJH,SAUt JAUtST, i T , 3T , 12T , S2U3Q , I 2H30  ,fl$W ,»i W  ,SW  MOMHOO 
f  if  1  )Y,SDq3T2*  129312, 3T3 3T2 , 3  jq3T2 , 3<33T  2 , 1 2H  ,SH,  IH  i>!0MM03 
SJT,  iJT  ,S3X,SJX, i J*, JO  ,01 J3I2, (OS) 3, C0S)3, (dl )Q  MGMM03 
G12312,£JH,IJH,3iA» ( 00 1 ) S  3 « (00 I )  1 3  * (OOi ) IT,S30T,S3T  KGMM03 

SW3tlW3,NMXt2H3Q2  rfUMM03 
l?i  )  JJ03  K0I2M3MICI 
I+3H=Olrt 
io*.ooi=Joq 


IC 


•-S 


S3*.00I=S33 
O.^-l  I ) Y  =  T  T 

o.o*+e.s*i wj^i jq 
o.ee  +  e.s«Si*3=sj« 
0S8  OT  03<I.3H.3KHI 
(d08,tW3TI*W 
(I08td>3TI»W 
( SOS  , d ) 3T 1 #W 
1  SB  OT  U0(S?.3H.3tf )3I 
(dOB.dmiflW 
t*>08,6  )3T1«W 
(S08,d)3Tl«W 
SS8  C1T  Q3U01. 314.3^1)31 
( 808  ,d  )  3TIXW 
(*08,d )3TIfcW 
(S08td)3TI«W 
£S8  OT  03  (  dc?  1  •  3H  *  3H  )  3  I 
(d08,d)3Tl«W 
( *08,d)3TI*W 
(S08,d)3TI*W 

SJ«,i Jfl,SO,iO, 12* SB, I 0,509,139, TT( £08, d)3TI«W 

U  >Y*C3HHT 
13=0^)13 
S3=( JU)S3 
3T9W+3MI T  «3MI T 
HflUT  38 
{ JHI ) TAM903 

12  S8  18  S3  13  3MlTH8e,X*I JTAM909 

(  \SJ 

U*d3S,£.d9e,£.\9,£.d9tJ.d9,XSI  J  TAM*03 

(GT  MOO. *MT  »Xi i ♦ XMI ) TAM903 
(8.6138, XI 1TAM803 
( IH1 ) TAMflOq 
QH3 


i 


0S8 


IS8 


SS8 


£S8 


108 

SOB 

£08 

£08 

eo8 

608 


non 
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APPENDIX  8 
SIMULATED  RESULTS 

Included  in  this  appendix  are  the  computer  results  for 
the  experiments  of  this  work.  These  tables  include  the  tran¬ 
sient  data  as  well  as  the  experimental  and  calculated  steady 
state  data  before  and  after  each  experiment. 

The  parameters  designated  L^  and  L 2  are  the  change  in 
holdup  of  the  first  and  second  effects  respectively,  trans¬ 
lated  into  liquid  level  transmitter  output.  As  can  be  seen 
the  change  in  these  levels  was  not  very  large  and  since  the 
liquid  level  records  were  very  noisy  a  meaningful  comparison 
of  predicted  and  experimental  transient  behavior  could  not  be 
made.  Moreover,  except  for  the  possibility  of  exceeding  phy¬ 
sical  limits  these  parameters  are  of  secondary  dynamic  inter¬ 
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EXPERIMENT  1 


OPEN  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 


INPUT  DATA 


INITIAL  CONDITIONS 

F*  2.950,  Bl*  1.920,  B2*  0.910,  CF=  0.03120,  Cl-  0.04790 
C2*  0.10120,  TF*  99.0,  TS1*  214.0,  Tl*  195.0,  T2*  150.0 
HS  I-  1175.3 


FINAL  CONDITIONS 

F*  3.490,  Bl*  2.530,  B2*  1.550,  CF*  0.03040,  Cl*  0.04200 
C2*  0.06840,  TF*  95.5,  TS1*  210.8,  Tl*  192.2,  T2  =  150.0 
HS I *  1175.3 


CALCULATED  PARAMETERS 

UA1*  68.30,  UA2*  22.10,  HL2*  14.04,  HL3*  56.18 


CONTROLLER  SETTINGS 

KLl*  80.0,  KL2*  80.0,  KC2*  130.0,  TL1*  6.0,  TL2*  6.0 
TC2*  7.0,  TDC2=  5*0 

CALCULATED  INITIAL  CONDITIONS 

F*  2.950,  Bl*  1.923,  B2*  0.910,  CF*  0.03120,  Cl*  0.04786 
C2*  0.10118,  TF*  99.0,  TSl*  213.8,  Tl*  194.9,  SI*  1.298 


1  TH3MIA39X3 


3TA9  0333  HI  9U  9312  A  OT  32H0923*  900J  H390 


AT  AO  TU9HI 


2 HO I T 1  QUOD  JA1TIHI 

OPT^O.O  =10  ,0Si(0.0  =30  ,019.0  =S8  ,OSP.I  *18  ,02P.S  =3 

o.oei  =st  ,o.eei  =it  ,o.*is  *i2T  ,o.ee  *3T  ,o<lioi.o  *so 

(.eiil  =I2H 


2H0I T I OHOO  JAHI3 

oos^o.o  =io  ♦o^oeo.o  =30  ,oee.i  =S8  ,oee.s  =ia  ,oe«>.(  =3 

0.021  =ST  ,S.SP1  =  1 T  ,8.0IS  =12 T  ,2.29  =  3T  ,0A8d0.0  *S0 

(.2*11  =  i  2H 

283T  3MAAA9  Q3TAJU3JA3 
8i.de  =(JH  t^O.Ai  =SJH  ,01.  SS  =SAU  ,0(.8d  =IAU 


20HI TT32  fl3 J J09THQ0 
O.d  =  SJT  ,0.d  = I JT  ,0.0(1  *S0#  ,0.08  *SJX  ,0.08  =  IJ* 

O.e  =SOQT  ,0.t  =SOT 

2 HO IT  JGHOO  JAITIHI  Q3TAJU0JA0 
d8Y*0.0  =10  ,05ii(0.0  =30  ,0J9.0  *S8  ,(SP.i  =18  ,029. S  =3 
8PS.1  =12  , 9. API  =1 T  ,6. (IS  =12T  ,0.99  =3T  ,81101.0  =S0 


TIME 

Cl 

C2 

B 1 

B2 

SI 

01 

02 

LI 

L2 

-2.0 

4.786 

10.118 

1.923 

0.910 

1.298 

1.027 

1.013 

40.0 

55.0 

-0.0 

4.786 

10.118 

1.923 

0.910 

1.298 

1.027 

1.013 

40.0 

55.0 

2.0 

4.741 

10.088 

2.035 

0.936 

1.298 

0.995 

0.988 

44.7 

55.6 

4.0 

4.689 

9.999 

2.161 

1.020 

1.298 

0.979 

0.975 

48.8 

57.0 

6.0 

4.632 

9.857 

2.280 

1.152 

1.298 

0.969 

0.970 

51.8 

58.8 

8.0 

4.582 

9.679 

2.389 

1.312 

1.298 

0.967 

0.971 

53.8 

60.  1 

10.0 

4.537 

9.478 

2.483 

1.474 

1.298 

0.967 

0.975 

54.7 

60.8 

12.0 

4.498 

9.264 

2.562 

1.613 

1.298 

0.966 

0.978 

54.7 

60.9 

14.0 

4.463 

9.044 

2.625 

1.715 

1.298 

0.966 

0.980 

53.9 

60.3 

16.0 

4.433 

8.825 

2.673 

1.779 

1.298 

0.966 

0.982 

52.6 

59.5 

18.0 

4.406 

8.614 

2.706 

1.813 

1.298 

0.966 

0.984 

50.9 

58.6 

20.0 

4.381 

8.414 

2.726 

1.825 

1.298 

0.966 

0.984 

49.0 

57.7 

22.0 

4.360 

8.229 

2.734 

1.822 

1.298 

0.966 

0.985 

46.8 

56.9 

24.0 

4.341 

8.060 

2.731 

1.807 

1.298 

0.966 

0.985 

44.7 

56.2 

26.0 

4.324 

7.909 

2.718 

1.785 

1.298 

0.966 

0.984 

42.6 

55.6 

28.0 

4.309 

7.776 

2.699 

1.757 

1.298 

0.966 

0.983 

40.8 

55.1 

30.0 

4.296 

7.661 

2.673 

1.725 

1.298 

0.966 

0.982 

39.1 

54.8 

32.0 

4.284 

7.562 

2.644 

1.690 

1.298 

0.966 

0.981 

37.7 

54.4 

34.0 

4.274 

7.478 

2.613 

1.654 

1.298 

0.966 

0.980 

36.6 

54.2 

36.0 

4.265 

7.408 

2.582 

1.618 

1.298 

0.966 

0.978 

35.9 

54.0 

38.0 

4.257 

7.351 

2.552 

1.584 

1.298 

0.966 

0.977 

35.5 

53.9 

40.0 

4.250 

7.304 

2.525 

1.552 

1.298 

0.966 

0.976 

35.3 

53.8 

42.0 

4.244 

7.265 

2.502 

1.525 

1.298 

0.966 

0.975 

35.4 

53.8 

44.0 

4.239 

7.234 

2.483 

1.502 

1.298 

0.966 

0.974 

35.7 

53.9 

46.0 

4.235 

7.209 

2.470 

1.484 

1.298 

0.966 

0.974 

36.2 

54.0 

48.0 

4.231 

7.187 

2.461 

1.472 

1.298 

0.966 

0.974 

36.9 

54.1 

50.0 

4.227 

7.168 

2.456 

1.465 

1.298 

0.966 

0.973 

37.5 

54.3 

52.0 

4.224 

7.151 

2.456 

1.464 

1.298 

0.966 

0.973 

38.2 

54.5 

54.0 

4.222 

7.135 

2.460 

1.467 

1.298 

0.966 

0.973 

38.9 

54.7 

56.0 

4.220 

7.119 

2.466 

1.475 

1.298 

0.966 

0.974 

39.5 

54.9 

58.0 

4.218 

7.103 

2.474 

1.485 

1.298 

0.966 

0.974 

40.1 

55.0 

60.0 

4.216 

7.087 

2.484 

1.497 

1.298 

0.966 

0.974 

40.6 

55.2 

62.0 

4.214 

7.070 

2.494 

1.509 

1.298 

0.966 

0.975 

40.9 

55.3 

64.0 

4.213 

7.054 

2.504 

1.522 

1.298 

0.966 

0.975 

41.2 

55.4 

66.0 

4.212 

7.037 

2.513 

1.534 

1.298 

0.966 

0.976 

41.4 

55.4 

68.0 

4.211 

7.020 

2.522 

1.545 

1.298 

0.966 

0.976 

41.4 

55.4 

70.0 

4.210 

7.003 

2.529 

1.555 

1.298 

0.966 

0.976 

41.4 

55.4 

72.0 

4.209 

6.987 

2.535 

1.562 

1.298 

0.966 

0.977 

41.3 

55.4 

74.0 

4.209 

6.971 

2.540 

1.568 

1.298 

0.966 

0.977 

41.2 

55.3 

76.0 

4.208 

6.957 

2.543 

1.572 

1.298 

0.966 

0.977 

41.0 

55.3 

78.0 

4.208 

6.943 

2.545 

1.573 

1.298 

0.966 

0.977 

40.8 

55.2 

80.0 

4.207 

6.931 

2.545 

1.574 

1.298 

0.966 

0.977 

40.6 

55.2 

82.0 

4.207 

6.920 

2.544 

1.573 

1.298 

0.966 

0.977 

40.4 

55.1 

84.0 

4.207 

6.910 

2.543 

1.571 

1.298 

0.966 

0.977 

40.2 

55.1 

86.0 

4.206 

6.901 

2.540 

1.568 

1.298 

0.966 

0.977 

40.0 

55.0 

88.0 

4.206 

6.894 

2.538 

1.565 

1.298 

0.966 

0.977 

39.9 

55.0 

90.0 

4.206 

6.888 

2.535 

1.561 

1.298 

0.966 

0.977 

39.7 

54.9 

92.0 

4.206 

6.884 

2.532 

1.557 

1.298 

0.966 

0.976 

39.7 

54.9 

94.0 

4.205 

6.880 

2.529 

1.554 

1.298 

0.966 

0.976 

39.6 

54.9 

96.0 

4.205 

6.877 

2.526 

1.550 

1.298 

0.966 

0.976 

39.6 

54.9 

98.0 

4.205 

6.875 

2.524 

1.547 

1.298 

0.966 

0.976 

39.6 

54.9 

r  .  c"  1 
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TIME 

Cl 

C2 

81 

82 

SI 

01 

02 

LI 

L2 

100.0 

4.205 

6.873 

2.522 

1.545 

1.298 

0.966 

0.976 

39.6 

54.9 

102.0 

4.205 

6.872 

2.520 

1.543 

1.298 

0.966 

0.976 

39.6 

54.9 

104.0 

4.205 

6.871 

2.519 

1.541 

1.298 

0.966 

0.976 

39.7 

54.9 

106.0 

4.205 

6.870 

2.518 

1.541 

1.298 

0.966 

0.976 

39.7 

54.9 

108.0 

4.205 

6.870 

2.518 

1.540 

1.298 

0.966 

0.976 

39.8 

54.9 

110.0 

4.205 

6.869 

2.518 

1.540 

1.298 

0.966 

0.976 

39.9 

55.0 

112.0 

4.205 

6.869 

2.518 

1.541 

1.298 

0.966 

0.976 

39.9 

55.0 

L14.0 

4.204 

6.868 

2.519 

1.542 

1.298 

0.966 

0.976 

40.0 

55.0 

116.0 

4.204 

6.868 

2.520 

1.543 

1.298 

0.966 

0.976 

40.0 

55.0 

118.0 

4.204 

6.867 

2.521 

1.544 

1.298 

0.966 

0.976 

40.1 

55.0 

120.0 

4.204 

6.866 

2.522 

1.545 

1.298 

0.966 

0.976 

40.1 

55.0 

122.0 

4.204 

6.865 

2.523 

1.546 

1.298 

0.966 

0.976 

40.1 

55.0 

124.0 

4.204 

6.865 

2.524 

1.547 

1.298 

0.966 

0.976 

40.1 

55.0 

L26.0 

4.204 

6.864 

2.524 

1.548 

1.298 

0.966 

0.976 

40.1 

55.0 

128.0 

4.204 

6.863 

2.525 

1.549 

1.298 

0.966 

0.976 

40.1 

55.0 

130.0 

4.204 

6.862 

2.525 

1.550 

1.298 

0.966 

0.976 

40.1 

55.0 

132.0 

4.204 

6.861 

2.526 

1.550 

1.298 

0.966 

0.976 

40.1 

55.0 

134.0 

4.204 

6.860 

2.526 

1.550 

1.298 

0.966 

0.976 

40.1 

55.0 

136.0 

4.204 

6.859 

2.526 

1.551 

1*298 

0.966 

0.976 

40.1 

55.0 

138.0 

4.204 

6.858 

2.526 

1.551 

1.298 

0.966 

0.976 

40.1 

55.0 

140.0 

4.204 

6.858 

2.526 

1.550 

1.298 

0.966 

0.976 

40.0 

55.0 

142.0 

4.204 

6.857 

2.526 

1.550 

1.298 

0.966 

0.976 

40.0 

55.0 

144.0 

4.204 

6.857 

2.526 

1.550 

1.298 

0.966 

0.976 

40.0 

55.0 

146.0 

4.204 

6.856 

2.525 

1.550 

1.298 

0.966 

0.976 

40.0 

55.0 

148.0 

4.204 

6.856 

2.525 

1.549 

1.298 

0.966 

0.976 

40.0 

55.0 

150.0 

4.204 

6.856 

2.525 

1.549 

1.298 

0.966 

0.976 

40.0 

55.0 

152.0 

4.204 

6.855 

2.525 

1.549 

1.298 

0.966 

0.976 

40.0 

55.0 

154.0 

4.204 

6.855 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

156.0 

4.204 

6.855 

2.524 

1.548 

1.296 

0.966 

0.976 

40.0 

55.0 

158.0 

4.204 

6.855 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

160.0 

4.204 

6.855 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

162.0 

4.204 

6.855 

2.524 

1.547 

1.298 

0.966 

0.976 

40.0 

55.0 

164.0 

4.204 

6.855 

2.524 

1.547 

1.298 

0.966 

0.976 

40.0 

55.0 

166.0 

4.204 

6.855 

2.524 

1.547 

1.298 

0.966 

0.976 

40.0 

55.0 

168.0 

4.204 

6.856 

2.524 

1.547 

1.298 

0.966 

0.976 

40.0 

55.0 

170.0 

4.204 

6.856 

2.524 

1.547 

1.298 

0.966 

0.976 

40.0 

55.0 

172.0 

4.204 

6.856 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

174.0 

4.204 

6.856 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

176.0 

4.204 

6.856 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

178.0 

4.204 

6.856 

2.524 

1.548 

1.298 

0.966 

0.976 

40.0 

55.0 

180.0 

4.204 

6.856 

2.524 

1.548 

1.298 
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CALCULATED  FINAL  CONDITIONS 

F*  3.491,  Bl*  2.524,  B2*  1.548,  CF=  0.03040,  Cl*  0.04204 
C2*  0.06856,  TF*  93.5,  TS1*  211.2,  Tl*  192.3,  SI*  1.298 
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EXPERIMENT  2 


OPEN  LOOP  RESPONSE  TO  A  STEP  DOWN  IN  FEED  RATE 


INPUT  DATA 
INITIAL  CONDITIONS 

F*  3.800#  Bl*  2.800,  B2*  1.840,  CF  =  0.03100,  Cl*  0.04210 
C2=  0.06480,  TF=  93.0,  TS1*  214.0,  Ti*  190.5,  T2=  150.0 
HS  I-  1175.5 

FINAL  CONDITIONS 

F*  3.400,  Bl-  2.400,  B2*  1.430,  CF*  0.03220,  Cl*  0.04550 
C2*  0.07750,  TF*  83.0,  TS1*  214.0,  Tl*  191.0,  T2*  150.0 
HSI*  1175.5 

CALCULATED  PARAMETERS 

UA1*  58.04,  UA2*  23.68,  HL2*  19.57,  HL3*  78.28 
CONTROLLER  SETTINGS 

KL1*  80.0,  KL2*  160.0,  KC2*  130.0,  TL1*  8.5,  TL2*  6.0 
TC2=  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F*  3.811,  Bl*  2.816,  B2*  1.830,  CF*  0.03104,  Cl*  0.04202 
C2*  0.06465,  TF*  93.0,  TS1*  213.7,  Tl*  190.5,  SI*  1.358 
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CPC.S 

1P6.Y 

£Y  C  .  A 

0.88 

8. AC 

c'.PC 

08P.0 
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8CC  .1 

POA.  I 

APC.S 

6P6.Y 

CYC. A 

0.0P 

8. AC 
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08P.0 
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8  C  £  .1 

VOA  .  I 
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O.SP 
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POA.  I 
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APC.S 
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0.6P 

O.CC 

8. PC 
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600. i 

8CC.I 

i  I  A  .  1 

APC.S 

SIY.  Y 

CYC. A 

0.8P 

3.C0NTD 

TIME  Cl 

C2 

B 1 

B2 

SI 

01 

02 

LI 

L2 

100.0 

4.573 

7.714 

2.395 

1.412 

1.358 

1.006 

0.980 

39.9 

55.0 

102.0 

4.573 

7.717 

2.396 

1.413 

1.358 

1.006 

0.980 

40.0 

55.0 

104.0 

4.573 

7.719 

2.397 

1.415 

1.358 

1.006 

0.980 

40.0 

55.1 

106.0 

4.573 

7.721 

2.397 

1.416 

1.358 

1.006 

0.980 

40.1 

55.1 

108.0 

4.574 

7.722 

2.398 

1.417 

1.358 

1.006 

0.980 

40.1 

55.1 

110.0 

4.574 

7.723 

2.399 

1.419 

1.358 

1.006 

0.980 

40.1 

55.1 

112.0 

4.574 

7.724 

2.400 

1.420 

1.358 

1.006 

0.980 

40.1 

55.1 

114.0 

4.574 

7.725 

2.401 

1.421 

1.358 

1.006 

0.980 

40.1 

55.  1 

116.0 

4.574 

7.725 

2.401 

1.422 

1.358 

1.006 

0.980 

40.1 

55.1 

118.0 

4.574 

7.725 

2.402 

1.423 

1.358 

1.006 

0.980 

40.1 

55.1 

120.0 

4.574 

7.725 

2.402 

1.423 

1.358 

1.006 

0.980 

40.1 

55.1 

122.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.  1 

55.1 

124.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.1 

55.1 

126.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.1 

55.0 

128.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.1 

55.0 

130.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.1 

55.0 

132.0 

4.574 

7.725 

2.403 

1.424 

1.358 

1.006 

0.980 

40.0 

55.0 

134.0 

4.574 

7.725 

2.403 

1.423 

1.358 

1.006 

0.980 

40.0 

55.0 

136.0 

4.574 

7.725 

2.403 

1.423 

1.358 

1.006 

0.980 

40.0 

55.0 

138.0 

4.574 

7.725 

2.402 

1.423 

1.358 

1.006 

0.980 

40.0 

55.0 

140.0 

4.574 

7.725 

2.402 

1.422 

1.358 

1.006 

0.980 

40.0 

55.0 

142.0 

4.574 

7.725 

2.402 

1.422 

1.358 

1.006 

0.980 

40.0 

55.0 

144.0 

4.574 

7.726 

2.402 

1.422 

1.358 

1.006 

0.980 

40.0 

55.0 

146.0 

4.574 

7.726 

2.402 

1.422 

1.358 

1.006 

0.980 

40.0 

55.0 

148.0 

4.574 

7.726 

2.402 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

150.0 

4.574 

7.726 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

152.0 

4.574 

7.726 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

154.0 

4.574 

7.727 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

156.0 

4.574 

7.727 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

158.0 

4.574 

7.727 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

160.0 

4.574 

7.727 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

162.0 

4.574 

7.727 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

164.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

166.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

168.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

170.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

172.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

174.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

176.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

178.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

180.0 

4.574 

7.728 

2.401 

1.421 

1.358 

1.006 

0.980 

40.0 

55.0 

CALCULATED  FINAL  CONDITIONS 

F*  3.408*  Bl*  2.401,  B2*  1.421,  CF=  0.03223,  Cl*  0.04574 
C2*  0.07728,  TF*  85.0,  TS1*  214.1,  Tl*  191.0,  SI*  1.358 
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EXPERIMENT  3 


OPENLOOP  RESPONSE  TO  A  STEP  UP  IN  STEAM  RATE 


INPUT  DATA 
INITIAL  CONDITIONS 

F®  3.310,  Bi®  2.230,  B2*  1.160,  CF®  0.02780,  Cl-  0.04090 
C2*  0.07920,  TF*  90.0,  TSl*  223.0,  Tl®  199.0,  T2*  150.0 
HSI®  1175.5 

FINAL  CONDITIONS 

F=  3.310,  61®  2.130,  B2*  0.950,  CF®  0.02780,  Cl*  0.04300 
C2*  0.09500,  TF*  90.0,  TS1*  227.0,  Tl*  203.0,  T2®  150.0 
HSI*  1175.5 

CALCULATED  PARAMETERS 

UA1*  60.47,  UA2®  21.11,  HL2®  13.18,  HL3*  52.73 
CONTROLLER  SETTINGS 

KL1*  80.0,  KL2*  160.0,  KC2*  130.0,  TL 1*  7.0,  TL2*  6.0 

TC2*  7.0,  TDC2*  5-0 

CALCULATED  INITIAL  CONDITIONS 

F*  3.297,  Bl*  2.231,  B2*  1.156,  CF*  0.02775,  Cl®  0.04101 
C2*  0.07916,  TF*  90.0,  TS1*  221.9,  Tl*  198.8,  SI*  1.421 


C  7tf3MI  *39X3 


37  A*  MA972  91  91)  937  2  A  07  3290923A  90039.990 


A  7 A G  7099 I 

enonianoo  JA17191 

090A0.0  *13  ,08YS0.0  *93  tOoi.J  =SG  ,OCS.S  *18  ,01C.f  *9 
0.081  =  S7  ,0 .991  *17  ,  O.CSS  *12T  ,0.09  =  97  ,0S9Y0.0  *S3 

2. evil  = I 2H 

290I7I0903  JA9I9 

OOCAO.O  *13  ,08YS0.0  =93  ,089.0  *S8  ,0£I.S  *18  ,01£.£  =9 
0.081  *ST  , 0 • COS  *17  ,O.YSS  =127  ,0.09  *97  ,00890.0  *S0 

e.8Yll  *  1 2H 

2H379MA8A9  G37AJU3JA3 
CY.S8  =C  JH  ,81. Cl  *S_IH  ,11. IS  =  SAU  ,Y^.0d  =IAU 

2091 T732  93JJ0fl7903 
O.d  =SJ7  ,0* Y  *1 J7  ,0.0C1  =S3 X  ,0.081  =SJX  ,0.08  =  1JX 

0.8  *S307  ,0. Y  =S37 

2901710903  JAI7I91  CJ37AJU3JA3 
JOJAO.O  *13  ,<?YYS0*0  =93  ,821.1  *S8  ,1CS.S  =18  ,Y9S.C  *9 
iS^.i  *18  ,8.891  *17  ,<?.1SS  *127  ,0.09  *97  ,619Y0.0  *SD 


TIME 

Cl 

C2 

B 1 

B2 

SI 

01 

02 

LI 

L2 

-2.0 

4.101 

7.916 

2.231 

1.156 

1.421 

1.066 

1.075 

40.0 

55.0 

-0.0 

4.101 

7.916 

2.231 

1.156 

1.421 

1.066 

1.075 

40.0 

55.0 

2.0 

4.109 

7.937 

2.224 

1.146 

1.539 

1.136 

1.142 

39.6 

54.6 

4.0 

4.125 

7.987 

2.207 

1.120 

1.539 

1.156 

1.166 

38.9 

53.9 

6.0 

4.142 

8.048 

2.188 

1.088 

1.539 

1.161 

1.172 

38.3 

53.1 

8.0 

4.158 

8.114 

2.170 

1.053 

1.539 

1.163 

1.172 

37.9 

52.4 

10.0 

4.172 

8.184 

2.152 

1.020 

1.539 

1.163 

1.172 

37.6 

52.0 

12.0 

4.185 

8.255 

2.137 

0.988 

1.539 

1.163 

1.171 

37.5 

51.6 

14.0 

4.196 

8.328 

2.124 

0.959 

1.539 

1.163 

1.170 

37.5 

51.5 

16.0 

4.206 

8.401 

2.113 

0.935 

1.539 

1.163 

1.170 

37.7 

51.5 

18.0 

4.215 

8.472 

2.106 

0.914 

1.539 

1.163 

1.170 

37.9 

51.7 

20.0 

4.223 

8.542 

2.101 

0.898 

1.539 

1.163 

1.169 

38.2 

52.0 

22.0 

4.230 

8.608 

2.099 

0.887 

1.539 

1.163 

1.169 

38.6 

52.4 

24.0 

4.236 

8.672 

2.099 

0.880 

1.539 

1.163 

1.169 

38.9 

52.8 

26.0 

4.242 

8.732 

2.101 

0.878 

1.539 

1.163 

1.169 

39.3 

53.4 

28.0 

4.247 

8.787 

2.104 

0.880 

1.539 

1.163 

1.  169 

39.6 

53.9 

30.0 

4.251 

8.838 

2.109 

0.886 

1.539 

1.163 

1.170 

39.9 

54.5 

32.0 

4.255 

8.885 

2.113 

0.895 

1.539 

1.163 

1.170 

40.1 

55.0 

34.0 

4.259 

8.928 

2.118 

0.906 

1.539 

1.163 

1.170 

40.3 

55.5 

36.0 

4.262 

8.967 

2.123 

0.919 

1.539 

1.163 

1.170 

40.4 

55.8 

38.0 

4.265 

9.002 

2.127 

0.932 

1.539 

1.163 

1.171 

40.5 

56.1 

40.0 

4.267 

9.034 

2.131 

0.945 

1.539 

1.163 

1.171 

40.6 

56.4 

42.0 

4.269 

9.063 

2.135 

0.958 

1.539 

1.163 

1.171 

40.6 

56.5 

44.0 

4.271 

9.090 

2.137 

0.969 

1.539 

1.163 

1.171 

40.6 

56.5 

46.0 

4.273 

9.114 

2.139 

0.978 

1.539 

1.163 

1.171 

40.5 

56.4 

48.0 

4.275 

9.136 

2.141 

0.985 

1.539 

1.163 

1.171 

40.5 

56.3 

50.0 

4.276 

9.157 

2.142 

0.990 

1.539 

1.163 

1.171 

40.4 

56.1 

52.0 

4.277 

9.176 

2.142 

0.993 

1.539 

1.163 

1.171 

40.3 

55.9 

54.0 

4.279 

9.194 

2.142 

0.993 

1.539 

1.163 

1.171 

40.2 

55.7 

56.0 

4.280 

9.212 

2.141 

0.992 

1.539 

1.163 

1.171 

40.1 

55.4 

58.0 

4.280 

9.228 

2.140 

0.989 

1.539 

1.163 

1.171 

40.1 

55.2 

60.0 

4.281 

9.244 

2.139 

0.986 

1.539 

1.163 

1.171 

40.0 

55.0 

62.0 

4.282 

9.259 

2.138 

0.982 

1.539 

1.163 

1.171 

39.9 

54.8 

64.0 

4.283 

9.274 

2.137 

0.977 

1.539 

1.163 

1.171 

39.9 

54.7 

66.0 

4.283 

9.288 

2.136 

0.972 

1.539 

1.163 

1.171 

39.9 

54.6 

68.0 

4.284 

9.301 

2.135 

0.968 

1.539 

1.163 

1.171 

39.9 

54.6 

70.0 

4.284 

9.314 

2.134 

0.964 

1.539 

1.163 

1.171 

39.9 

54.5 

72.0 

4.284 

9.327 

2.133 

0.961 

1.539 

1.163 

1.171 

39.9 

54.5 

74.0 

4.285 

9.339 

2.133 

0.958 

1.539 

1.163 

1.171 

39.9 

54.6 

76.0 

4.285 

9.350 

2.132 

0.956 

1.539 

1.163 

1.171 

39.9 

54.6 

78.0 

4.285 

9.361 

2.132 

0.955 

1.539 

1.163 

1.171 

39.9 

54.7 

80.0 

4.286 

9.371 

2.132 

0.954 

1.539 

1.163 

1.171 

39.9 

54.7 

82.0 

4.286 

9.380 

2.132 

0.954 

1.539 

1.163 

1.171 

39.9 

54.8 

84.0 

4.286 

9.389 

2.132 

0.954 

1.539 

1.163 

1.171 

40.0 

54.9 

86.0 

4.286 

9.397 

2.132 

0.955 

1.539 

1.163 

1.171 

40.0 

54.9 

88.0 

4.286 

9.405 

2.132 

0.956 

1.539 

1.163 

1.171 

40.0 

55.0 

90.0 

4.287 

9.412 

2.133 

0.958 

1.539 

1.163 

1.171 

40.0 

55.1 

92.0 

4.287 

9.418 

2.133 

0.959 

1.539 

1.163 

1.171 

40.0 

55.1 

94.0 

4.287 

9.424 

2.133 

0.960 

1.539 

1.163 

1.171 

40.0 

55.1 

96.0 

4.287 

9.429 

2.133 

0.961 

1.539 

1.163 

1.171 

40.0 

55.1 

98.0 

4.287 

9.434 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.  1 
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P.P£ 
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O.OA 
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£  a  x  •  x 
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££  X  •  S 
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Y8S.A 

O.OP 

i  .dd 

O.OA 
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P£d  •  X 

PdP.O 

££i.S 
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Y8S.A 
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P£d.X 
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££  J  . S 

ASA.P 

Y8S.A 

O.AP 

i  .dd 

O.OA 

JYX.I 

£ax.x 

P£d  .  i 
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£  £  1  .  S 

PSA.P 

Y8S.A 

O.dP 

i  .dd 

O.OA 

XYX.X 

£ax  .x 

PCd.X 

CdP.O 

ACX.S 

ACA.P 

Y8S.A 

0.8P 

• •CONTD 


TIME 

Cl 

C2 

B 1 

B2 

SI 

01 

02 

LI 

L2 

100.0 

4.287 

9.439 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.1 

102.0 

4.287 

9.443 

2.134 

0.964 

1.539 

1.163 

1.171 

40.0 

55.1 

104.0 

4.287 

9.447 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.  1 

106.0 

4.287 

9.451 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.1 

108.0 

4.287 

9.454 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.1 

110.0 

4.287 

9.457 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.1 

112.0 

4.287 

9.460 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.0 

L14.0 

4.288 

9.463 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.0 

116.0 

4.28  8 

9.465 

2.134 

0.965 

1.539 

1.163 

1.171 

40.0 

55.0 

118.0 

4.288 

9.468 

2.134 

0.964 

1.539 

1.163 

1.171 

40.0 

55.0 

120.0 

4.288 

9.470 

2.134 

0.964 

1.539 

1.163 

1.171 

40.0 

55.0 

122.0 

4.288 

9.472 

2.134 

0.964 

1.539 

1.163 

1.171 

40.0 

55.0 

124.0 

4.288 

9.474 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

126.0 

4.288 

9.476 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

128.0 

4.288 

9.478 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

130.0 

4.288 

9.479 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

132.0 

4.288 

9.481 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

134.0 

4.288 

9.482 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

136.0 

4.288 

9.484 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

138.0 

4.288 

9.485 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

140.0 

4.288 

9.486 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

142.0 

4.288 

9.487 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

144.0 

4.288 

9.488 

2.134 

0.962 

1.539 

1.163 

1.171 

40.0 

55.0 

146.0 

4.288 

9.489 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

148.0 

4.288 

9.490 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

150.0 

4.288 

9.491 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

152.0 

4.288 

9.492 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

154.0 

4.288 

9.493 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

156.0 

4.288 

9.493 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

158.0 

4.288 

9.494 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

160.0 

4.288 

9.494 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

162.0 

4.288 

9.495 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

164.0 

4.288 

9.495 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

166.0 

4.288 

9.496 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

168.0 

4.288 

9.496 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

170.0 

4.288 

9.497 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

172.0 

4.288 

9.497 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

174.0 

4.288 

9.497 

2.134 

0.963 

1.539 

1.163 

1.171 

40.0 

55.0 

176.0 

4.288 

9.498 

2.134 

0.963 

1.539 

1.163 

1.171 
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CALCULATED  FINAL  CONDITIONS 

F*  3.297,  Bl®  2.134,  B2»  0.963,  CF  =  0.02775,  Cl®  0.04288 
C2®  0.09498,  TF®  90.0,  TS1®  228.0,  Ti®  203.2,  SI®  1.539 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 


INPUT  DATA 
INITIAL  CONDITIONS 

F*  2.430,  Bl*  1.690,  B2=  0.980,  CF  =  0.03020,  Cl*  0.04340 
C2*  0.07510,  TF*  88.5,  TS1*  201.0,  Tl*  184.0,  T2*  149.5 
HS  I-  1175.1 

FINAL  CONDITIONS 

F*  2.930,  Bi  =  2.050,  B2*  1.180,  CF*  0.03020,  Cl*  0.04320 
C2*  0.07510,  TF*  93.0,  TS1*  211.0,  Tl*  190.0,  T2*  149.5 
HS I-  1175.1 

CALCULATED  PARAMETERS 

UA1*  55.57,  UA2*  20.92,  HL2*  13.98,  HL3*  55.91 
CONTROLLER  SETTINGS 

KLl*  80.0,  KL2*  175.0,  KC2*  130.0,  TL1*  6.0,  TL2*  6.0 
TC2*  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F*  2.431,  Bl*  1.691,  B2*  0.978,  CF*  0.03021,  Cl*  0.04344 
C2*  0.07507,  TF*  90.8,  TSi*  201.0,  Tl*  183.8,  SI*  0.951 
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TIME 
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C2 
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110.0 

4.310 

7.469 

2.045 

1. 

112.0 
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4.312 

7.477 

2.045 

1. 

116.0 
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7.511 

2.052 

1. 

168.0 

4.318 

7.510 

2.053 

1. 

170.0 

4.318 

7.509 

2.052 

1. 

172.0 

4.318 

7.508 

2.052 

1. 

174.0 

4.317 

7.507 

2.052 

1. 

176.0 

4.317 

7.506 

2.052 

1. 

178.0 

4.317 

7.505 

2.052 

1. 

180.0 

4.317 

7.504 

2.052 

1. 

SI 

Q1 

02 

LI 

L2 

1.158 

0.877 

0.867 

39.6 

53.9 

1.  159 

0.878 

0.868 

39.6 

54.1 

1.161 

0.879 

0.869 

39.7 

54.3 

1.162 

0.880 

0.870 

39.7 

54.5 

1.  163 

0.881 

0.871 

39.8 

54.6 

1.163 

0.882 

0.872 

39.9 

54.8 

1.164 

0.883 

0.873 

39.9 

54.9 

1.165 

0.883 

0.873 

39.9 

55.0 

1.165 

0.884 

0.874 

40.0 

55.  1 

1.165 

0.884 

0.874 

40.0 

55.1 

1.166 

0.884 

0.875 

40.0 

55.2 

1.166 

0.884 

0.875 

40.0 

55.2 

1.166 

0.884 

0.875 

40.0 

55.2 

1.166 

0.884 

0.875 

40.0 

55.2 

1.165 

0.884 

0.875 

40.0 

55.1 

1.165 

0.884 

0.875 

40.0 

55.1 

1.165 

0.884 

0.874 

40.0 

55.1 

1.165 

0.884 

0.874 

40.0 

55.  1 

1.164 

0.883 

0.874 

40.0 

55.1 

1.164 

0.883 

0.873 

40.0 

55.1 

1.163 

0.883 

0.873 

40.0 

55.0 

1.163 

0.882 

0.873 

40.0 

55.0 

1.162 

0.882 

0.872 

40.0 

55.0 

1.162 

0.882 

0.872 

40.1 

55.1 

1.162 

0.881 

0.872 

40.1 

55.1 

1.161 

0.881 

0.871 

40.1 

55.1 

1.161 

0.881 

0.871 

40.1 

55.1 

1.161 

0.680 

0.871 

40.1 

55.1 

1.161 

0.880 

0.871 

40.1 

55.1 

1.160 

0*880 

0.871 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.1 

1.160 

0.880 

0.870 

40.0 

55.0 

1.160 

0.880 

0.870 

40.0 

55.0 

1.160 

0.880 

0.870 

40.0 

55.0 

1.160 

0.880 

0.870 

40.0 

55.0 

1.161 

0.880 

0.870 

40.0 

55.0 

1.161 

0.880 

0.870 

40.0 

55.0 

B2 

163 

160 

158 

158 

158 

160 

161 

163 

166 

168 

170 

171 

172 

173 

174 

175 

175 

175 

175 

176 

176 

176 

177 

177 

178 

178 

179 

180 

181 

181 

182 

182 

183 

183 

183 

184 

183 

183 

183 

183 

182 


CALCULATED  FINAL  CONDITIONS 

F*  2.932,  Bl*  2.052,  B2*  1.182,  CF*  0.03021,  Cl*  0.04317 
C2*  0.07504,  TF*  90.8,  TSl*  211.0,  Ti*  190.2,  SI*  1.161 
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EXPERIMENT  5 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 


INPUT  DATA 
INITIAL  CONDITIONS 

F=  2.930,  81=  2.050,  82=  1.225,  CF=  0.03190,  Cl*  0.04560 
C2=  0.07620,  TF*  90.5,  TS1*  207.5,  Tl  =  189.0,  T2*  150.0 
HSI*  1175.1 

FINAL  CONDITIONS 

F=  3.400,  81=  2.350,  B2*  1.330,  CF*  0.03000,  Cl*  0.04300 
C2*  0.07620,  TF*  90.5,  TS1*  213.5,  Tl=  194.0,  T2=  150.0 
HSI*  1175.1 

CALCULATED  PARAMETERS 

UA1*  65.92,  UA2*  22.13,  HL2*  19.39,  HL3*  77.54 
CONTROLLER  SETTINGS 

KL 1=  80.0,  KL2*  175. 0,  KC2*  130.0,  TH*  6.0,  TL2*  6.0 
TC2*  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F=  2.929,  81=  2.057,  B2*  1.226,  CF*  0.03190,  Cl=  0.04541 
C2*  0.07622,  TF*  90.5,  TS1*  205.2,  Tl=  187.9,  SI*  1.141 
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20tfl  TT3 2  fl3JJQ*TlA03 
O.d  =S  JT  ,0.d  *i  JT  ,0.0€1  *£3)1  ,0.2YJ  *SJ*  ,0.08  =  I  JX 

0.2  =  S3QT  ,0.Y  =  S3T 

'  >  p  "  *  *  +  *  .4  ;  V%i  P 

2^011 IGM03  JAITI4I  CJ3TAJU3JA3 
1*2*0. 0  =13  , 0916.0.0  =33  ,dSS.i  *£9  ,Y20.S  =18  ,9S9.S  =3 
1*1. 1  =12  * 9 •  V 8 1  =IT  ,S.20S  =1 2T  ,2.09  =31  ,SSdY0.0  *£0 


TIME 

Cl 

C2 

61 

B2 

SI 

01 

02 

LI 

L2 

-2.0 

4.541 

7.622 

2.057 

1.226 

1.141 

0.872 

0.832 

40.0 

55.0 

-0.0 

4.541 

7.622 

2.057 

1.226 

1.141 

0.872 

0.832 

40.0 

55.0 

2.0 

4.510 

7.607 

2.147 

1.239 

1.152 

0.849 

0.813 

44.0 

55.5 

4.0 

4.466 

7.565 

2.248 

1.283 

1.165 

0.850 

0.815 

47.5 

56.8 

6.0 

4.410 

7.504 

2.343 

1.351 

1.180 

0.859 

0.828 

49.9 

58.4 

8.0 

4.364 

7.431 

2.427 

1.438 

1.197 

0.872 

0.844 

51.3 

60.0 

10.0 

4.326 

7.350 

2.498 

1.536 

1.216 

0.686 

0.862 

51.8 

61.3 

12.0 

4.296 

7.268 

2.555 

1.634 

1.235 

0.902 

0.881 

51.4 

62.0 

14.0 

4.272 

7.189 

2.596 

1.719 

1.255 

0.918 

0.900 

50.4 

62.  1 

16.0 

4.255 

7.118 

2.622 

1.783 

1.275 

0.935 

0.919 

48.8 

61.6 

18.0 

4.243 

7.057 

2.634 

1.820 

1.296 

0.952 

0.937 

46.9 

60.5 

20.0 

4.236 

7.008 

2.631 

1.827 

1.315 

0.969 

0.955 

44.8 

59.1 

22.0 

4.233 

6.972 

2.616 

1.807 

1.334 

0.966 

0.972 

42.6 

57.5 

24.0 

4.233 

6.952 

2.591 

1.765 

1.352 

1.002 

0.988 

40.5 

55.8 

26.0 

4.237 

6.946 

2.556 

1.707 

1.368 

1.016 

1.002 

38.5 

54.2 

28.0 

4.244 

6.956 

2.515 

1.637 

1.383 

1.029 

1.014 

36.7 

52.7 

30.0 

4.252 

6.979 

2.470 

1.562 

1.396 

1.041 

1.025 

35.3 

51.4 

32.0 

4.262 

7.016 

2.423 

1.484 

1.407 

1.051 

1.033 

34.2 

50.3 

34.0 

4.273 

7.065 

2.376 

1.407 

1.415 

1.060 

1.040 

33.5 

49.5 

36.0 

4.284 

7.124 

2.332 

1.334 

1.422 

1.067 

1.046 

33.2 

48.9 

38.0 

4.295 

7.190 

2.293 

1.267 

1.427 

1.072 

1.049 

33.2 

48.5 

40.0 

4.306 

7.262 

2.261 

1.208 

1.430 

1.075 

1.052 

33.6 

48.4 

42.0 

4.316 

7.336 

2.236 

1.158 

1.432 

1.077 

1.053 

34.3 

48.5 

44.0 

4.325 

7.410 

2.219 

1.117 

1.432 

1.078 

1.053 

35.1 

48.9 

46.0 

4.333 

7.482 

2.210 

1.087 

1.430 

1.078 

1.052 

36.1 

49.5 

46.0 

4.340 

7.549 

2.208 

1.067 

1.428 

1.077 

1.051 

37.1 

50.3 

50.0 

4.346 

7.610 

2.213 

1.059 

1.425 

1.075 

1.049 

38.2 

51.3 

52.0 

4.351 

7.663 

2.223 

1.061 

1.422 

1.072 

1.047 

39.2 

52.5 

54.0 

4.354 

7.708 

2.237 

1.074 

1.418 

1.069 

1.044 

40.1 

53.7 

56.0 

4.356 

7.744 

2.254 

1.096 

1.413 

1.066 

1.042 

40.8 

54.9 

58.0 

4.357 

7.772 

2.272 

1.126 

1.409 

1.062 

1.039 

41.5 

56.1 

60.0 

4.358 

7.791 

2.291 

1.163 

1.405 

1.058 

1.036 

41.9 

57.1 

62.0 

4.357 

7.802 

2.309 

1.204 

1.400 

1.055 

1.033 

42.2 

57.9 

64.0 

4.356 

7.807 

2.325 

1.247 

1.396 

1.051 

1.030 

42.4 

58.5 

66.0 

4.354 

7.805 

2.341 

1.290 

1.393 

1.048 

1.027 

42.5 

58.9 

68.0 

4.352 

7.799 

2.354 

1.329 

1.389 

1.045 

1.025 

42.4 

59.0 

70.0 

4.349 

7.789 

2.364 

1.363 

1.386 

1.042 

1.022 

42.2 

58.9 

72.0 

4.346 

7.775 

2.372 

1.390 

1.384 

1.040 

1.020 

42.0 

58.6 

74.0 

4.343 

7.760 

2.378 

1.410 

1.382 

1.038 

1.018 

41.7 

58.2 

76.0 

4.340 

7.744 

2.382 

1.422 

1.380 

1.036 

1.017 

41.4 

57.6 

78.0 

4.337 

7.727 

2.384 

1.427 

1.378 

1.035 

1.015 

41.1 

57.0 

80.0 

4.334 

7.710 

2.384 

1.427 

1.377 

1.034 

1.014 

40.8 

56.4 

82.0 

4.331 

7.693 

2.383 

1.421 

1.376 

1.033 

1.013 

40.5 

55.9 

84.0 

4.328 

7.678 

2.380 

1.413 

1.376 

1.032 

1.012 

40.2 

55.4 

86.0 

4.326 

7.664 

2.377 

1.402 

1.375 

1.032 

1.011 

40.0 

54.9 

88.0 

4.324 

7.652 

2.373 

1.390 

1.375 

1.031 

1.011 

39.8 

54.6 

90.0 

4.322 

7.641 

2.369 

1.378 

1.375 

1.031 

i.011 

39.7 

54.4 

92.0 

4.320 

7.631 

2.365 

1.366 

1.375 

1.031 

1.011 

39.5 

54.2 

94.0 

4.318 

7.624 

2.361 

1.356 

1.376 

1.032 

1.011 

39.5 

54.  1 

96.0 

4.317 

7.617 

2.357 

1.346 

1.376 

1.032 

1.011 

39.5 

54.1 

98.0 

4.316 

7.612 

2.354 

1.339 

1.376 

1.032 

1.011 

39.5 

54.1 

SJ 

i  j 

SO 

xo 

12 

S8 

18 

SD 

10 

3M1T 

o.aa 

O.O* 

S€8 .0 

SY8.0 

i*i  .  i 

ass.x 

Yao.s 

ssa.Y 

x*a.* 

O.S- 

o.aa 

Q.O* 

S€  8.0 

SY8.0 

1*1.1 

ass.  x 

Yeo.s 

ssa.r 

x*a.* 

0.0- 

0.** 

€18.0 

9*8.0 

sax.x 

9£  s .  X 

Y  *  X  .  S 

YOd.Y 

oxa.* 

o.s 

a.aa 

C.Y  * 

aie.o 

o  a  8 .  o 

aax.x 

£8S .  X 

8*S  •  S 

aaa.Y 

aa*.* 

0.* 

*.8r 

9.9* 

8S8.0 

eae.o 

08X  •  X 

xa£.i 

E*E.S 

*oa.Y 

ox*.* 

o.a 

0.08 

€.  ia 

**8.0 

SY8.0 

Y9X  .1 

8£*.  X 

Y  S*  .  S 

I  £*.  Y 

*d£  •* 

0.8 

€.16 

8 .  f  a 

sae.o 

dbb.O 

axs.x 

d£a.  x 

89*. S 

oaE  •  Y 

asc.* 

0.01 

Q.S8 

*.ie 

188.0 

S09.0 

ats.i 

*£d .  X 

aaa.s 

bdS.Y 

dPS.* 

O.Si 

i  .sa 

*.oe 

009.0 

8X9.0 

aes.x 

9XY.X 

a9a.s 

98i  •  V 

SYS.* 

0.*I 

a.xa 

8.8* 

vi  9.0 

e£9.0 

aYS.i 

£8Y  •  X 

ssa.s 

81  J.Y 

aas.* 

o.ax 

a.oa 

9. a* 

YE9.0 

se9.o 

a9S.x 

osa.  x 

*f  a.s 

teo.Y 

£*S.* 

0.8X 

i  .98 

8  •  ** 

aae.o 

9d9  •  0 

ei£  .x 

YS8.X 

XEd.S 

800. Y 

a£S.* 

o.os 

a.Ya 

a.s* 

SY9.0 

d89 .0 

*££  .  J 

Y08.X 

axa.s 

SY9.d 

££  S.  * 

O.SS 

s.ee 

e.o* 

MB  9.0 

SOO.  J 

sa£.x 

aaY.  x 

X9a.s 

sa9.a 

£f  S.* 

o.*s 

s.*a 

a. 

SOO.l 

aio.x 

aa£ .  j 

YOY.X 

aaa.s 

a*p.a 

YES.* 

o.as 

y  .sa 

Y  .ac 

*10.  i 

9S0.I 

£8£.i 

Tea. i 

axa.s 

aap.a 

**S.* 

o.os 

*.xa 

€.a€ 

aso.  x 

1*0.1 

d9£  •  i 

saa.  i 

OY*  •  S 

9\9.a 

sas.* 

0  *0£ 

c.oe 

S.*£ 

€€  0  .  X 

xao.x 

Y0*  •  X 

*8*.  X 

£S*.S 

axo.Y 

sas.* 

O.S£ 

a.p* 

a.€€ 

0*0.  i 

oao.x 

ax*. i 

YO*.  X 

dYt.S 

aao.Y 

£YS  .  * 

0  •*£ 

9.8* 

S  •  t  € 

a*o.  J 

Yao.x 

SS*.i 

*££.! 

S££  •  S 

*S1  .  Y 

*8S.* 

o.  at 

a. 8* 

S.££ 

9*0. X 

SYO.X 

YS*  •  X 

YdS.l 

£9S.S 

09i  .  Y 

aps.* 

0.8£ 

*.8* 

d .  C  t 

sao.i 

a  y  o .  l 

0£  *  •  I 

80S.  I 

xas.s 

sas.Y 

dO£  •* 

0.0* 

a. 8* 

£.*£ 

teo.x 

YYO.i 

S£*.I 

aax.x 

ats.s 

a££.Y 

ai€.* 

O.S* 

9.8* 

i.a€ 

teo.i 

BYO.i 

S£  *  •  X 

Y  I  i  .  X 

9XS.S 

01*.  Y 

as£.* 

0.** 

e.9* 

I  .a€ 

sao.i 

8Y0.X 

0£*  .  I 

Y  80  •  I 

oxs.s 

S8*.Y 

£££.* 

o.a* 

c.oa 

i  •  Y£ 

lao.i 

YYO.J 

8S*.X 

vao.i 

80S.S 

9*a.Y 

0*£  .  * 

0.8* 

£.18 

S.8£ 

9*0. x 

aYO.X 

as*.i 

9ao.  x 

£  1 S  .  S 

oxa.  y 

a*£.* 

o.oa 

a.sa 

S.9£ 

y*o.i 

SYO.X 

SS*.l 

xao.x 

ESS.S 

£dd  •  Y 

xa£.* 

o.sa 

Y.E8 

I  .0* 

**0.  J 

PdO.l 

81*. X 

*Y0  •  X 

Y£S.S 

BOY  .  Y 

*ae.* 

o.*e 

9.*c 

b.O* 

S*0.1 

aao.i 

£  i  *  .  X 

d90  •  X 

*as.s 

**Y  •  Y 

aat.* 

o.aa 

i  .aa 

e.i* 

9€0.x 

sao.i 

90*.  1 

asx .  x 

SYS.S 

SYY.Y 

Y8£.* 

o.8a 

i  .Ye 

9.1* 

ato.x 

sao.i 

ao*.x 

£ax  .x 

J9S.S 

19Y.Y 

8a£.* 

o.oa 

9. Ye 

s.s* 

€£0  .  J 

aao.x 

00*. X 

*0S .  I 

P0£.S 

S08.Y 

Yae.* 

o.sa 

a. 8a 

*.S* 

0£0.i 

lao.i 

d9£  •  I 

Y*S .  X 

as£.s 

Y08  .  Y 

aa£.* 

o.*a 

9.ea 

a.s* 

YSO.i 

8*0.1 

£9£  •  J 

09  S  •  X 

I*£  .  S 

eoe.Y 

*a£.* 

o.aa 

o.pe 

*.s* 

aso.x 

a  *o.x 

98£.i 

9S£  •  X 

*a£.s 

m.Y 

sac.* 

o.aa 

9.«a 

s.s* 

sso.x 

s*o.x 

a8£.x 

Edt .  X 

*b£.S 

98Y.Y 

9*£  .* 

O.OY 

a.«e 

O.S* 

OSO.I 

0*0.1 

*8£  .  i 

09 £  .  I 

SY  £  •  S 

aYY.Y 

a*c  •  * 

O.SY 

s.8e 

Y.I* 

8X0.1 

8£0  •  1 

S8£  .  X 

01*.  X 

8  Y  £  .  S 

OdY.Y 

£*£.* 

0.*Y 

,^.va 

*.  1* 

YXO.i 

a£o .  i 

08£  •  X 

SS*.I 

S8E.S 

**Y  •  Y 

0*£  •  * 

O.dY 

o.ve 

i  .1* 

axo.x 

a£o.x 

8  Y  £  .  X 

YS*  •  X 

*  8  £  •  S 

YSY.Y 

Y££  •* 

0 . 8  Y 

*.ae 

8.0* 

*X0.X 

*  £  0  .  X 

Y  Y£  •  1 

YS*.  X 

*8£.S 

OXY.Y 

*££.* 

0.08 

9.aa 

e.o* 

£X 0.  X 

£  £0  .  i 

aY£  .1 

1S*.X 

£8£.S 

£98. Y 

!££.* 

0.S8 

*  .ee 

S.O* 

S  i  0  .  I 

S£0  •  I 

aY£.X 

£  i  *  •  X 

08£.S 

8Ya.  Y 

8S£  •  * 

0.  *8 

9.*e 

0.0* 

1 1 0  .  I 

S£0  •  i 

aY£  .1 

SO*.  X 

YYE.S 

*aa.Y 

ast.* 

o.a8 

a.*e 

8  •  9€ 

iXO.i 

1  £0.  I 

aY£.  i 

09£  •  X 

£  Y  £  *  S 

saa.Y 

*S£  •* 

0.88 

*.*e 

Y  .9£ 

XX  0.1 

X  £0  •  X 

eY£.X 

8Y£.  X 

9a£.S 

x*a.  v 

SS£.* 

0.09 

s.*e 

a.9C 

iXO.i 

X  £0  •  X 

aYt.i 

aa£ .  i 

aat.s 

X£d.  Y 

0S£  •  * 

0.S9 

i  .M 

a.9€ 

iXO.X 

S£0.i 

dY£  •  X 

aac .  x 

IdE.S 

*sa.Y 

8i£.* 

0.*9 

x.*e 

a.9£ 

iXO.i 

S  £  0  •  X 

aYC.J 

a*e.  i 

Ya£.S 

Yxa.Y 

Y  X  £  .  * 

0.89 

i  .*a 

c.9€ 

IXO.I 

S£0 . 1 

a\  £ .  x 

9  £  £  •  1 

*a£.s 

sxa.Y 

ai£.* 

0.89 

• CONTD 

TIME  Cl 

C2 

B 1 

B2 

SI 

01 

02 

LI 

L2 

100.0 

4.315 

7.608 

2.351 

1.332 

1.377 

1.033 

1.011 

39.5 

54.2 

102.0 

4.314 

7.605 

2.349 

1.328 

1.377 

1.033 

1.012 

39.5 

54.3 

104.0 

4.314 

7.602 

2.348 

1.324 

1.378 

1.033 

1.012 

39.6 

54.4 

106.0 

4.313 

7.601 

2.347 

1.322 

1.379 

1.034 

1.012 

39.7 

54.5 

108.0 

4.313 

7.600 

2.346 

1.322 

1.379 

1.034 

1.013 

39.7 

54.6 

110.0 

4.313 

7.599 

2.346 

1.322 

1.380 

1.035 

1.014 

39.8 

54.7 

112.0 

4.313 

7.598 

2.346 

1.322 

1.381 

1.035 

1.014 

39.9 

54.8 

114.0 

4.313 

7.598 

2.346 

1.324 

1.381 

1.036 

1.015 

39.9 

54.9 

116.0 

4.313 

7^599 

2.347 

1.325 

1.382 

1.037 

1.015 

40.0 

55.0 

118.0 

4.314 

7.599 

2.347 

1.327 

1.382 

1.037 

1.016 

40.0 

55.0 

120.0 

4.314 

7.600 

2.348 

1.329 

1.383 

1.038 

1.016 

40.0 

55.1 

122.0 

4.315 

7.600 

2.348 

1.330 

1.384 

1.038 

1.017 

40.0 

55.1 

124.0 

4.315 

7.601 

2.349 

1.332 

1.384 

1.038 

1.017 

40.0 

55.1 

126.0 

4.316 

7.602 

2.349 

1.332 

1.384 

1.039 

1.018 

40.0 

55.1 

128.0 

4.316 

7.603 

2.349 

1.333 

1.385 

1.039 

1.018 

40.0 

55.1 

130.0 

4.317 

7.605 

2.349 

1.333 

1.385 

1.039 

1.018 

40.0 

55.1 

132.0 

4.317 

7.606 

2.349 

1.333 

1.385 

1.040 

1.019 

40.0 

55.0 

134.0 

4.318 

7.608 

2.349 

1.333 

1.386 

1.040 

1.019 

40.0 

55.0 

136.0 

4.318 

7.610 

2.349 

1.332 

1.386 

1.040 

1.019 

40.0 

55.0 

138.0 

4.319 

7.612 

2.348 

1.331 

1.386 

1.040 

1.019 

40.0 

55.0 

140.0 

4.319 

7.613 

2.348 

1.330 

1.386 

1.040 

1.019 

40.0 

55.0 

142.0 

4.320 

7.615 

2.348 

1.329 

1.386 

1.040 

1.019 

40.0 

54.9 

144.0 

4.320 

7.617 

2.347 

1.329 

1.386 

1.040 

1.019 

40.0 

54.9 

146.0 

4.321 

7.619 

2.347 

1.328 

1.386 

1.040 

1.019 

40.0 

54.9 

148.0 

4.321 

7.621 

2.347 

1.327 

1.386 

1.040 

1.019 

40.0 

54.9 

150.0 

4.321 

7.623 

2.347 

1.327 

1.386 

1.040 

1.019 

40.0 

54.9 

152.0 

4.321 

7.624 

2.346 

1.326 

1.386 

1.040 

1.019 

40.0 

54.9 

154.0 

4.321 

7.625 

2.346 

1.326 

1.386 

1.040 

1.019 

40.0 

55.0 

156.0 

4.322 

7.627 

2.347 

1.326 

1.385 

1.040 

1.019 

40.0 

55.0 

158.0 

4.322 

7.628 

2.347 

1.326 

1.385 

1.040 

1.019 

40.0 

55.0 

160.0 

4.322 

7.628 

2.347 

1.327 

1.385 

1.040 

1.019 

40.0 

55.0 

162.0 

4.322 

7.629 

2.347 

1.327 

1.385 

1.040 

1.018 

40.0 

55.0 

164.0 

4.322 

7.629 

2.347 

1.328 

1.385 

1.039 

1.018 

40.0 

55.0 

166.0 

4.321 

7.630 

2.348 

1.328 

1.384 

1.039 

1.018 

40.0 

55.0 

168.0 

4.321 

7.630 

2.348 

1.329 

1.384 

1.039 

1.018 

40.0 
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4.321 
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2.348 

1.330 

1.384 

1.039 

1.018 

40.0 
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4.321 
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1.384 
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4.321 
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1.384 
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1.018 

40.0 

55.1 

178.0 

4.321 

7.628 

2.349 

1.332 

1.384 

1.039 

1.017 

40.0 

55.1 

180.0 

4.321 

7.627 

2.349 

1.333 

1.384 

1.038 

1.017 

40.0 

55.1 

CALCULATED  FINAL  CONDITIONS 

F*  3.388,  B 1*  2.349,  B2*  1.333,  CF*  0.02995,  Cl*  0.04321 
C2*  0.07627,  TF*  90.5,  TSi*  215.9,  Ti*  195.2,  SI*  1.384 
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EXPERIMENT  6 


CLOSED  LOOP  RESPONSE  TO  A  STEP  CHANGE  IN  CONC  SET  PT 


INPUT  OATA 


INITIAL  CONDITIONS 

F*  3.400 »  B I*  2.410*  B2*  1.420*  CF  =  0.03160*  Cl*  0.04460 
C2*  0.07570,  TF*  87.5*  TS1=  214.0,  Tl*  182.5,  T2*  150.0 
HS  Is  1173.8 


FINAL  CONDITIONS 

F*  3.400,  Bl*  2.240,  B2*  1.125,  CF*  0.02900,  Cl*  0.04380 
C2*  0.08740,  TF*  87.5,  TS1*  218.5,  Tl*  187.0,  T2*  150.0 
HSI*  1173.8 

CALCULATED  PARAMETERS 

UA1*  43.88,  UA2*  29.96,  HL2*  14.47,  HL3*  57.86 


CONTROLLER  SETTINGS 

KL1*  80.0,  KL2*  160.0,  KC2*  120.0,  TLi*  6.0,  TL2*  6.0 
TC2*  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F*  3.397,  Bl*  2.400,  B2*  1.418,  CF*  0.03160,  Cl*  0.04473 
C2*  0.07570,  TF*  87.5,  TS1*  212.1,  Ti*  182.4,  SI*  1.315 
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TIME 

Cl 

C2 

B 1 

82 

SI 

01 

02 

LI 

L2 

-2.0 

4.473 

7.570 

2.400 

1.418 

1.315 

0.997 

0.982 

40.0 

55.0 

-0.0 

4.473 

7.570 

2.400 

1.418 

1.315 

0.997 

0.982 

40.0 

55.0 

2.0 

4.485 

7.597 

2.391 

1.401 

1.450 

1.087 

1.069 

39.5 

54.5 

4.0 

4.489 

7.658 

2.370 

1.362 

1.469 

1.118 

1.104 

38.6 

53.6 

6.0 

4.472 

7.735 

2.344 

1.314 

1.488 

1.136 

1.122 

37.7 

52.6 

8.0 

4.460 

7.819 

2.314 

1.260 

1.504 

1.151 

1.137 

36.9 

51.7 

10. 0 

4.453 

7.908 

2.283 

1.204 

1.518 

1.164 

1.149 

36.3 

50.9 

12.0 

4.449 

8.004 

2.253 

1.148 

1.528 

1.174 

1.159 

35.9 

50.3 

14.0 

4.448 

8.104 

2.223 

1.094 

1.536 

1.182 

1.  166 

35.7 

49.8 

16.0 

4.448 

8.207 

2.197 

1.044 

1.541 

1.188 

1.170 

35.7 

49.6 

18.0 

4.449 

8.312 

2.175 

1.000 

1.544 

1.191 

1.173 

35.9 

49.5 

20.0 

4.451 

8.416 

2.158 

0.962 

1.545 

1.193 

1.174 

36.3 

49.6 

22.0 

4.453 

8.516 

2.147 

0.932 

1.544 

1.193 

1.174 

36.9 

49.9 

24.0 

4.454 

8.612 

2.141 

0.909 

1.541 

1.191 

1.172 

37.5 

50.4 

26.0 

4.455 

8.699 

2.140 

0.894 

1.537 

1.188 

1.170 

38.2 

51.1 

28.0 

4.454 

8.778 

2m  144 

0.888 

1.533 

1.185 

1.166 

38.9 

52.0 

30.0 

4.453 

8.846 

2.152 

0.891 

1.527 

1.180 

1.162 

39.6 

53.0 

32.0 

4.452 

8.903 

2.164 

0.902 

1.521 

1.176 

1.157 

40.2 

54.0 

34.0 

4.449 

8.948 

2.177 

0.921 

1.515 

1.170 

1.153 

40.7 

55.1 

36.0 

4.445 

8.981 

2.192 

0.947 

1.508 

1.165 

1.148 

41.2 

56.1 

38.0 

4.441 

9.003 

2.207 

0.979 

1.502 

1.160 

1.143 

41.6 

57.0 

40.0 

4.435 

9.015 

2.222 

1.016 

1.496 

1.155 

1.138 

41.8 

57.8 

42.0 

4.430 

9.017 

2.237 

1.054 

1.491 

1.150 

1.134 

42.0 

58.4 

44.0 

4.424 

9.011 

2.250 

1.094 

1.486 

1.145 

1.130 

42.0 

58.8 

46.0 

4.418 

8.998 

2.262 

1.131 

1.481 

1.141 

1.126 

42.0 

59.0 

48.0 

4.411 

8.980 

2.272 

1.164 

1.478 

1.138 

1.123 

41.9 

58.9 

50.0 

4.405 

8.957 

2.280 

1.192 

1.475 

1.135 

1.120 

41.8 

58.7 

52.0 

4.398 

8.931 

2.286 

1.213 

1.472 

1.132 

1.118 

41.6 

58.3 

54.0 

4.392 

8.903 

2.291 

1.228 

1.470 

1.131 

1.116 

41.3 

57.8 

56.0 

4.387 

8.875 

2.293 

1.235 
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1.129 

1.114 

41.1 

57.2 

58.0 

4.381 

8.846 

2.294 

1.237 

1.468 

1.128 

1.114 

40.8 

56.7 

60.0 

4.377 

8.819 

2.293 

1.234 

1.468 

1.128 

1.113 

40.5 

56.1 

62.0 

4.372 

8.793 

2.292 

1.227 

1.468 

1.128 

1.113 

40.3 

55.6 

64.0 

4.368 

8.769 

2.289 

1.217 

1.469 

1.128 

1.113 

40.1 

55.1 

66.0 

4.365 

8.748 

2.285 

1.206 

1.470 

1.129 

1.114 

39.9 

54.7 

68.0 

4.362 

8.729 

2.281 

1.193 

1.471 

1.130 

1.115 

39.7 

54.4 

70.0 
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8.714 

2.277 

1.180 

1.472 

1.131 

1.115 
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54.2 

72.0 

4.358 
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2.272 
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1.132 

1.117 

39.5 
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74.0 
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1.475 

1.133 

1.118 

39.4 

53.9 
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8.684 
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39.4 

53.9 
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1.478 

1.136 

1.120 

39.4 

53.9 

80.0 
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1.137 
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39.4 
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8.675 
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1.123 

1.481 

1.138 

1.122 

39.5 
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8.676 
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1.483 

1.140 
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39.5 

54.  1 
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8.678 
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1.114 

1.484 

1.141 
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39.6 

54.3 
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8.681 
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1.485 

1.142 

1.126 

39.6 

54.4 

90.0 
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8.685 

2.248 

1.110 

1.486 

1.143 

1.127 

39.7 

54.5 

92.0 

4.360 

8.689 
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1.109 
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1.143 

1.127 

39.7 
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1.109 

1.488 

1.144 
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54.7 
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8.699 
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1.110 
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1.129 
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54.8 

98.0 
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1.111 
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39.9 
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TIME 

Cl 

C2 

B1 

B2 

SI 

□  1 
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Li 
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1.112 

1.489 

1.146 
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39.9 

55.0 

102.0 
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1.146 
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CALCULATED  FINAL  CONDITIONS 

F*  3.397,  Bl*  2.254,  B2=  1.126,  CF=  0.02898,  Cl=  0.04367 
C 2*  0.08737,  TF=  87.5,  TS1=  220.4,  Tl=  187. I,  SI=  1.486 
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APPENDIX  9 

CONSEQUENCES  OF  ERRORS  IN  THE  HEAT  TRANSFER 

COEFFICIENTS  AND  HEAT  LOSSES 

As  mentioned  in  Chapter  VII ,  the  heat  transfer  coef¬ 
ficients  and  heat  losses  calculated  from  the  adjusted  experi¬ 
mental  data  showed  a  fair  degree  of  scatter  (up  to  25%)  .  In 
order  to  determine  if  changes  in  these  parameters,  within  this 
scatter  range,  would  affect  the  transient  behavior  to  any  great 
degree  4  computer  runs  of  experiment  4  were  performed  where 
the  2  heat  transfer  coefficients  and  the  2  heat  losses  were 
each  increased  by  25%  over  the  values  obtained  by  the  above- 
mentioned  procedure. 

Comparison  of  the  results  for  these  4  runs  with  the 
normal  results  in  Appendix  8  shows  that  with  respect  to  the 
product  composition  there  is  very  little  difference.  In  fact, 
the  only  parameter  significantly  affected  is  the  first  effect 
temperature . 

Thus,  it  appears  that  it  is  unnecessary  to  take  into 
account  changes  in  these  parameters  during  the  course  of  an 
experiment  since  based  upon  experimental  data  these  changes 
never  exceeded  25%.  Consequently,  the  heat  transfer  coeffici¬ 
ent  and  heat  losses  were  assumed  constant  for  each  experiment 
and  were  calculated  in  the  manner  described  in  Chapter  VII. 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 
EFFECT  OF  INCREASIND  UA1  BY  25  PERCENT 


INPUT  DATA 


INITIAL  CONDITIONS 

F*  2.430*  Bl*  1.690,  B2*  0.980,  CF*  0.03020,  Cl*  0.04340 
C2*  0.07510,  TF*  88.5,  TS1*  201.0,  Tl*  184.0,  T2*  149.5 
HS I =  1175.1 


FINAL  CONDITIONS 

F=  2.930,  Bl*  2.050,  B2*  1.180,  CF*  0.03020,  Cl*  0.04320 
C2*  0.07510,  TF*  93.0,  TS1*  211.0,  Tl*  190.0,  T2*  149.5 
HSI*  1175.1 


CALCULATED  PARAMETERS 

UA1=  55.57,  UA2*  20.92,  HL2*  13.98,  HL 3*  55.91 


CONTROLLER  SETTINGS 

KL1*  80*0,  KL2*  175.0,  KC2*  130.0,  TL1*  6.0,  TL2*  6.0 
TC2=  7.0,  T DC2=  5.0 

CALCULATED  INITIAL  CONDITIONS 

F*  2.431,  Bl*  1.691,  B2=  0.978,  CF*  0.03021,  Cl*  0.04344 
C2*  0.07507,  TF*  90.8,  TS1*  197.5,  Tl*  183.8,  SI*  0.948 


A  THI3M I H33X3 


3TAfl  0333  HI  3U  <BT2  A  0T  32H0323fl  300J  G320J3 
TH33S33  2S  Yfl  IAU  0HI2A3W3HI  30  T03333 


ATAG  TU9H1 

\ 

2H01TI0H03  JAITIH1 

OAtAO.O  -i 3  ,0£0£0.0  =33  ,08P.0  =S8  ,0P8.I  =18  ,0£A.S  =3 
2.PA1  *  ST  ,0.A8I  *1 T  ,0.10S  =  1 2T  ,2.88  =3T  ,012*0.0  =S3 

1.2*11  =  I2H 


2H0ITI0H03  J AH  I  3 

0S£  AO .0  =13  ,0S0£0.0  =33  ,081.1  =S8  ,020. S  =18  ,0£P.£  =3 
2.PA1  =ST  ,O.OPI  = i T  ,0.11S  =  12T  ,0.£P  *3T  ,012*0.0  *S3 

1.2*11  =I2H 


2«3T3MA«A3  G3TAJU3JA3 
IP. 22  =  £JH  ,8P.£I  =SJH  ,SP.OS  =SAU  ,*2.22  =IAU 


2GHITT32  «3Ji0»TH03 
O.d  =SJT  ,0.6  = 1 JT  «  0 • 0£  I  =  S3X  ,0.2*1  *SJX  ,0.08  =  IJ» 

0.2  =S3Q  T  ,0.*  =S3T 

rV  $ 

2  HOI  T  IGHG3  JAITIHI  CJ3TAJU3JA3 
AA£A0.0  =13  , 1 SOCO.O  =33  ,8*P.0  =S8  ,IPd.I  =18  ,1£A.S  =3 
BAP .0  =12  ,8. £81  =IT  ,2.*PI  =12T  ,8. OP  =3T  ,*02*0.0  =S3 


TIME 

Cl 

C2 

81 

-2.0 

4.344 

7.507 

1.691 

0. 

-0.0 

4.344 

7.507 

1.691 

0. 

2.0 

4.311 

7.489 

1.807 

0. 

4.0 

4.278 

7.440 

1.929 

1. 

6.0 

4.251 

7.373 

2.038 

1. 

8.0 

4.230 

7.296 

2.128 

1. 

10.0 

4.214 

7.218 

2.199 

1. 

12.0 

4.204 

7.143 

2.251 

1. 

14.0 

4.198 

7.075 

2.284 

1. 

16.0 

4.197 

7.018 

2.300 

1. 

18.0 

4.199 

6.973 

2.299 

1* 

20.0 

4.205 

6.943 

2.284 

1. 

22.0 

4.214 

6.929 

2.256 

1. 

24.0 

4.225 

6.930 

2.219 

1. 

26.0 

4.239 

6.947 

2.175 

1. 

28.0 

4.253 

6.978 

2.128 

1. 

30.0 

4.268 

7.024 

2.079 

1. 

32.0 

4.283 

7.081 

2.033 

1. 

34.0 

4.298 

7.147 

1.992 

1. 

36.0 

4.312 

7.219 

1.958 

1. 

38.0 

4.325 

7.295 

1.932 

1. 

40.0 

4.336 

7.371 

1.916 

0. 

42.0 

4.345 

7.444 

1.908 

0. 

44.0 

4.353 

7.512 

1.909 

0. 

46.0 

4.359 

7.572 

1.917 

0. 

48.0 

4.364 

7.623 

1.930 

0. 

50.0 

4.367 

7.664 

1.947 

0. 

52.0 

4.368 

7.695 

1.966 

0. 

54.0 

4.368 

7.716 

1.986 

0. 

56.0 

4.367 

7.728 

2.006 

0. 

58.0 

4.364 

7.731 

2.025 

1. 

60.0 

4.361 

7.727 

2.042 

1. 

62.0 

4.357 

7.717 

2.057 

1. 

64.0 

4.353 

7.703 

2.070 

1. 

66.0 

4.348 

7.684 

2.079 

1. 

68.0 

4.343 

7.663 

2.087 

1. 

70.0 

4.338 

7.640 

2.091 

1. 

72.0 

4.333 

7.617 

2.094 

1. 

74.0 

4.329 

7.593 

2.094 

1. 

76.0 

4.324 

7.571 

2.093 

1. 

78.0 

4.321 

7.550 

2.091 

1. 

80.0 

4.317 

7.531 

2.087 

1. 

82.0 

4.314 

7.513 

2.083 

1. 

84.0 

4.311 

7.498 

2.078 

1. 

86.0 

4.309 

7.486 

2.073 

1. 

88.0 

4.308 

7.476 

2.068 

1. 

90.0 

4.306 

7.468 

2.064 

1. 

92.0 

4.306 

7.462 

2.059 

1. 

94.0 

4.305 

7.458 

2.056 

1. 

96.0 

4.305 

7.456 

2.053 

1. 

98.0 

4.305 

7.455 

2.050 

1. 

SI 

01 

02 

Li 

L2 

0.948 

0.741 

0.712 

40.0 

55.0 

0.948 

0.741 

0.712 

40.0 

55.0 

0.964 

0.719 

0.695 

44.2 

55.6 

0.983 

0.723 

0.702 

47.7 

57.2 

1.002 

0.736 

0.718 

50.0 

59.4 

1.022 

0.752 

0.738 

51.0 

61.4 

1.043 

0.770 

0.758 

51.1 

63.1 

1.065 

0.788 

0.779 

50.3 

64.1 

1.086 

0.806 

0.800 

48.9 

64.2 

1.108 

0.825 

0.820 

47.1 

63.5 

1.128 

0.843 

0.839 

45.0 

62.1 

1.147 

0.860 

0.857 

42.9 

60.2 

1.164 

0.876 

0.873 

40.7 

58.0 

1.179 

0.890 

0.887 

38.8 

55.7 

1.192 

0.903 

0.898 

37.1 

53.6 

1.203 

0.913 

0.907 

35.8 

51.6 

1.211 

0.922 

0.914 

34.9 

50.0 

1.216 

0.928 

0.919 

34.4 

48.7 

1.219 

0.932 

0.922 

34.3 

47.7 

1.220 

0.934 

0.923 

34.5 

47.1 

1.219 

0.935 

0.922 

35.1 

46.9 

1.217 

0.933 

0.921 

35.8 

47.1 

1.212 

0.931 

0.918 

36.7 

47.6 

1.207 

0.927 

0.914 

37.7 

48.5 

1.202 

0.923 

0.910 

38.6 

49.7 

1.195 

0.918 

0.905 

39.6 

51.1 

1.189 

0.912 

0.900 

40.4 

52.7 

1.182 

0.907 

0.895 

41.0 

54.3 

1.  175 

0.901 

0.890 

41.6 

56.0 

1.169 

0.896 

0.885 

41.9 

57.5 

1.163 

0.890 

0.881 

42.2 

58.8 

1.158 

0.885 

0.876 

42.3 

59.8 

1.153 

0.881 

0.872 

42.3 

60.4 

1.149 

0.877 

0.868 

42.2 

60.7 

1.146 

0.874 

0.865 

42.0 

60.6 

1.143 

0.871 

0.863 

41.7 

60.3 

1.141 

0.869 

0.861 

41.4 

59.6 

1.140 

0.867 

0.859 

41.1 

58.8 

1.139 

0.866 

0.858 

40.8 

57.9 

1.139 

0.866 

0.857 

40.5 

57.0 

1.139 

0.866 

0.857 

40.3 

56.2 

1.140 

0.866 

0.857 

40.0 

55.4 

1.141 

0.867 

0.857 

39.8 

54.7 

1.142 

0.867 

0.858 

39.7 

54.2 

1.143 

0.868 
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39.6 

53.8 

1.145 
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0.860 

39.5 

53.6 

1.  146 

0.871 
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39.4 

53.4 

1.148 

0.872 
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39.4 

53.4 

1.149 

0.874 

0.864 

39.4 

53.4 

1.151 

0.875 

0.865 

39.5 

53.5 

1.152 

0.876 

0.866 

39.5 

53.7 

82 

978 

978 

992 

036 

107 

200 

308 

417 

514 

587 

626 

631 

603 

549 

478 

396 

310 

226 

146 

074 

Oil 

960 

921 

894 

879 

877 

887 

908 

941 

983 

032 
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140 

192 

238 

275 

302 

319 

325 

323 

314 

300 

283 

264 

245 

227 

211 

197 

184 

175 

167 
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CALCULATED  FINAL  CONDITIONS 

F*  2* 932 »  Bl*  2.052,  B2*  1.182,  CF*  0.03021,  Cl*  0.04317 
C2*  0.07504,  TF*  90.8,  TS1*  206.8,  Tl*  190.2,  SI*  1.156 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 
EFFECT  OF  INCREASING  UA2  BY  25  PERCENT 


INPUT  DATA 
INITIAL  CONDITIONS 

F*  2.430,  Bl*  1.690,  B2*  0.980,  CF  =  0.03020,  Cl*  0.04340 
C2*  0.07510,  TF=  88.5,  TS1=  201.0,  Tl*  184.0,  T2=  149.5 
HS I *  1175.1 

FINAL  CONDITIONS 

F*  2.930,  Bl*  2.050,  B2*  1.180,  CF*  0.03020,  Cl*  0.04320 
C2*  0.07510,  TF=  93.0,  TSi*  211.0,  Tl*  190.0,  T2*  149.5 
HSI*  1175.1 

CALCULATED  PARAMETERS 

UA1*  55.57,  UA2*  20.92,  HL2*  13.98,  HL3*  55.91 
CONTROLLER  SETTINGS 

KL1*  80.0,  KL2*  175.0,  KC2*  130.0,  TL1*  6.0,  TL2*  6.0 
TC2*  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F*  2.431,  Bl*  1.687,  B2*  0.978,  CF*  0.03021,  Cl*  0.04354 
C2*  0.07507,  TF*  90.8,  TSi*  194.2,  Tl*  177.2,  SI*  0.936 


£  TH3MI #33X3 


JfA#  0333  HI  r*U  3312  A  07  32H0^2i»  300  J  0320 JO 
TH30#39  2S  Y8  SAU  OHI2A3JOH1  30  T33333 


AT AQ  TU9HI 


eHOITIOHOO  JAITlHl 

o£t£0.o  =io  ,osoeo.o  =  30  ,oe9.o  =s a  ,098.i  =  i«  ,oe£.s  =3 

8.9£i  =  ST  , 0  .£8  J  =  1T  ,0.10S  =  1  2T  ,8.88  =  3T  ,01270.0  *S3 

1.2711  = I 2H 


2HOITIOHOO  JAM I  3 

0S££0.0  =13  , OSOf  0.0  =33  ,08i.i  =S 8  ,020.S  =  18  ,0£9.S  *3 
2.9£l  =Sf  ,0.091  =  1T  ,0.11$  =  I2T  ,0.£9  =  3T  ,01270.0  =so 

1.2711  =  I2H 

2#3T3MA#A9  Q3TAJU0JA3 
1^.22  =  £  JH  , 89.fi  =SJH  ,S9.0S  =  SAU  ,72.22  =  1AU 


20HIT732  #3JJ0#TM03 
0.8  =SJ7  ,0.8  =1 JT  ,O.Ofi  *S3>f  ,0.271  =SJ*  ,0.08  =  1JX 

O.e  =  £307  ,0.7  =  S3T 

2H0ITIOMO3  JA1TIHI  03TAJU3JA3 
£2££0.0  = J  3  ,iS0£0.0  =33  ,879.0  =S8  ,788.1  =18  ,!££.£  =3 
8£9 .0  =12  ,£.771  = 1 T  , S • £91  =  12T  ,8.09  =  37  ,70270.0  =  £3 
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B 1 
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4.354 

7.507 
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0. 

2.0 
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0. 
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1. 
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10.0 
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16.0 
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18.0 

4.215 
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1. 
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1. 
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2.056 
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7.688 

2.068 
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66.0 
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7.668 

2.077 
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68.0 
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7.646 

2.084 

1. 

70.0 

4.347 

7.623 

2.088 

1. 

72.0 

4.343 

7.600 

2.089 

1. 

74.0 

4.338 

7.577 

2.089 

1. 

76.0 

4.334 

7.556 

2.087 

1. 

78.0 

4.331 

7.536 

2.084 

1. 

80.0 

4.328 

7.518 

2.079 

1. 

82.0 

4.325 

7.503 

2.075 

1. 

84.0 

4.323 

7.490 

2.069 

1. 

86.0 

4.321 

7.479 

2.064 

1. 

88.0 

4.320 

7.471 

2.059 

1. 

90.0 

4.319 

7.465 

2.055 

1. 

92.0 

4.318 

7.461 

2.051 

1. 

94.0 

4.318 

7.459 

2.047 

1. 

96.0 

4.318 

7.458 

2.044 

1. 

98.0 

4.319 

7.459 

2.042 

1. 

SI 

01 

02 

LI 

L2 

0.936 

0.745 

0.708 

40.0 

55.0 

0.936 

0.745 

0.708 

40.0 

55.0 

0.953 

0.723 

0.691 

44.2 

55.6 

0.971 

0.730 

0.699 

47.7 

57.3 

0.990 

0.745 

0.717 

49.9 

59.3 

1.010 

0.762 

0.737 

50.9 

61.4 

1.031 

0.779 

0.757 

50.9 

63.0 

1.052 

0.798 

0.778 

50.2 

64.0 

1.074 

0.817 

0.798 

48.8 

64.  1 

1.094 

0.835 

0.818 

46.9 

63.4 

1.114 

0.853 

0.837 

44.9 

62.0 

1.133 

0.870 

0.855 

42.7 

60.0 

1.149 

0.886 

0.870 

40.6 

57.9 

1.164 

0.900 

0.884 

38.7 

55.6 

1.176 

0.912 

0.895 

37.1 

53.5 

1.166 

0.922 

0.904 

35.8 

51.6 

1.193 

0.930 

0.910 
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F*  2.932,  Bl*  2.046,  B2*  1.182,  CF=  0.03021,  Cl*  0.04330 
C2*  0.07504,  TF*  90.8,  TS1*  203.0,  Tl*  182.5,  SI*  1.139 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 
EFFECT  OF  INCREASING  HL2  BY  25  PERCENT 


INPUT  DATA 
INITIAL  CONDITIONS 

F*  2.430,  Bl*  1.690,  B2*  0.980,  CF*  0.03020,  Cl*  0.04340 
C2*  0.07510,  TF  =  88.5,  TSI*  201.0,  Tl*  184.0,  T2*  149.5 

HS 1 38  1175.1 

FINAL  CONDITIONS 

F=  2.930,  Bl*  2.050,  B2*  1.180,  CF*  0.03020,  Cl*  0.04320 
C2*  0.07510,  TF*  93.0,  TSi*  211.0,  Tl*  190.0,  T2*  149.5 
HS  I*  1175.1 

CALCULATED  PARAMETERS 

UA1*  55.57,  UA2*  20.92,  HL2*  13.98,  HL3*  55.91 
CONTROLLER  SETTINGS 

KL1*  80.0,  KL2*  175.0,  KC2*  130.0,  TLi*  6.0,  TL2*  6.0 
TC2=  7.0,  TDC2*  5.0 

CALCULATED  INITIAL  CONDITIONS 

F=  2.431,  Bl*  1.689,  B2*  0.978,  CF*  0.03021,  Cl*  0.04349 
C2*  0.07507,  TF*  90.8,  TSI*  200.9,  Ti*  183.7,  SI*  0.952 
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I. 2711  = I 2H 


2H017ICJH03  JAM I 1 

0  =13  ,05.060.0  =13  ,081.1  =S 8  ,020.?;  =18  ,069. S  =1 
=  5.7  ,0.091  =17  ,0.11s  =127  ,0.69  =17  , 012\0.0  *S3 

1.2711  = I 2H 

2H373MA8A9  037AJU3JA3 
19.22  =  6JH  ,89.61  =SJH  ,S9.0S  =  SAU  ,72.22  =1AU 


20H17732  «3JJ0fl7H03 
=  SJ7  ,0.d  =1J7  ,0.06J  =$3  X  ,0.271  =5U>J  ,0.08  =1JX 

0.2  =  £007  ,0.7  =  £37 

2  HO  I  7  IQHOO  J  A  I  T  11/11  G3  7AJU3JA3 
0  =13  ,1£060.0  =13  ,879.0  =S8  ,982.1  =18  ,!£*.£  =1 
=  12  ,7. £81  =17  ,9.005.  =127  ,6.09  =17  ,70270.0  *S0 


TIME 

Cl 

C2 

B 1 

82 

SI 

01 

02 

LI 

L2 

-2*0 
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1.689 
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0.742 

0.711 
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55.0 
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0.08 
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PI  £  •  * 

0.S8 
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0.88 
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d.P£ 

888.0 

i  Y8 .0 
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8SS.  i 

YdO.S 

08*.  Y 
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0.88 

a  •££ 

a .  e  c 

Pd  8 .0 

SY6.0 

Sdi  .  J 

SiS.i 

S80.S 

i  Y*  •  Y 

i  i  £  .  * 

O.OP 

*.£c 

*.P£ 

088.0 

*  Y8 .0 

*di  •  I 

8P1.1 

880.S 

dd*.  Y 

Oi  £  •* 

O.SP 

d.£d 

d.P£ 

id8  •  0 

dY8.0 

dd  J  .  i 

881 .1 

ddO.S 

i  8*  •  Y 

P0£  •  * 

O.AP 

8.£d 

d.P£ 

£88.0 

8Y8.0 

Ydi  .  i 

YYi.i 

SdO.S 

88*  •  Y 

P0£  .* 

0.8P 

Y  .£d 

d.P£ 

*8  8.0 

6Y8.0 

8d i  . i 

Pdi  .  1 

P*O.S 

Yd*.  Y 

poe.* 

cv 

cc 

• 

o 

*  CONTD 

TIME  Cl 

C2 

Bl 

B2 

SI 

01 

02 

LI 

L2 

100.0 

4.309 

7.457 

2.047 

1.164 

1.160 

0.879 

0.865 

39.6 

53.9 

102.0 

4.310 

7.458 

2.046 

1.160 

1.161 

0.880 

0.866 

39.6 

54.  1 

104.0 

4.311 

7.460 

2.045 

1.158 

1.162 

0.881 

0.867 

39.7 

54.3 

106.0 

4.312 

7.462 

2.044 

1.158 

1.163 

0.882 

0.869 

39.8 

54.5 

108.0 

4.313 

7.465 

2.044 

1.159 

1.164 

0.883 

0.869 

39.8 

54.6 

110.0 

4.314 

7.469 

2.043 

1.160 

1.165 

0.884 

0.870 

39.9 

54*8 

112.0 

4.315 

7.473 

2.043 

1.162 

1.166 

0.884 

0.871 

39.9 

54.9 

114.0 

4.316 

7.477 

2.044 

1.164 

1.166 

0.885 

0.872 

39.9 

55.0 

116.0 

4.317 

7.481 

2.044 

1.166 

1.167 

0.886 

0.872 

40.0 

55.1 

118.0 

4.319 

7.485 

2.044 

1.168 

1.167 

0.886 

0.872 

40.0 

55.1 

120.0 

4.320 

7.490 

2.044 

1.170 

1.167 

0.886 

0.873 

40.0 

55.2 

122.0 

4.321 

7.494 

2.044 

1.171 

1.167 

0.886 

0.873 

40.0 

55.2 

124.0 

4.322 

7.497 

2.045 

1.172 

1.167 

0.886 

0.873 

40.0 

55.2 

126.0 

4.322 

7.501 

2.045 

1.173 

1.167 

0.886 

0.873 

40.0 

55.1 

128.0 

4.323 

7.504 

2.045 

1.174 

1.167 

0.886 

0.873 

40.0 

55.1 

130.0 

4.324 

7.507 

2.045 

1.175 

1.167 

0.886 

0.873 

40.0 

55.1 

132.0 

4.324 

7.510 

2.046 

1.175 

1.166 

0.886 

0.872 

40.0 

55.1 

134.0 

4.325 

7.513 

2.046 

1.175 

1.166 

0.885 

0.872 

40.0 

55.1 

136.0 

4.325 

7.515 

2.046 

1.175 

1.166 

0.885 

0.872 

40.0 

55.1 

138.0 

4.325 

7.516 

2.046 

1.176 

1.165 

0.885 

0.872 

40.0 

55.0 

140.0 

4.325 

7.518 

2.047 

1.176 

1.165 

0.885 

0.871 

40.0 

55.0 

142.0 

4.325 

7.519 

2.047 

1.176 

1.165 

0.884 

0.871 

40.0 

55.0 

144.0 

4.325 

7.519 

2.047 

1.177 

1.164 

0.884 

0.871 

40.0 

55.0 

146.0 

4.325 

7.520 

2.048 

1.177 

1.164 

0.883 

0.870 

40.1 

55.1 

148.0 

4.325 

7.520 

2.048 

1.178 

1.163 

0.883 

0.870 

40.1 

55.1 

150.0 

4.325 

7.519 

2.049 

1.178 

1.163 

0.883 

0.870 

40.1 

55.1 

152.0 

4.324 

7.519 

2.049 

1.179 

1.163 

0.883 

0.869 

40.1 

55.1 

154.0 

4.324 

7.518 

2.049 

1.180 

1.162 

0.882 

0.869 

40.1 

55.1 

156.0 

4.324 

7.517 

2.050 

1.181 

1.162 

0.882 

0.869 

40.1 

55.1 

158.0 

4.324 

7.516 

2.050 

1.181 

1.162 

0.882 

0.869 

40.0 

55.1 

160.0 

4.323 

7.515 

2.050 

1.182 

1.  162 

0.882 

0.869 

40.0 

55.1 

162.0 

4.323 

7.514 

2.050 

1.182 

1.162 

0.88  2 

0.868 

40.0 

55.1 

164.0 

4.323 

7.512 

2.051 

1.183 

1.162 

0.882 

0.868 

40.0 

55.1 

166.0 

4.322 

7.511 

2.051 

1.183 

1.162 

0.882 

0.868 

40.0 

55.1 

168.0 

4.322 

7.510 

2.051 

1.183 

1.  16  2 

0.882 

0.868 

40.0 

55.1 

170.0 

4.322 

7.509 

2.051 

1.184 

1.162 

0.882 

0.868 

40.0 

55.0 

172.0 

4.322 

7.508 

2.051 

1.184 

1.162 

0.882 

0.868 

40.0 

55.0 

174.0 

4.321 

7.507 

2.051 

1.183 

1.162 

0.882 

0.868 

40.0 

55.0 

176.0 

4.321 

7.506 

2.050 

1.183 

1.162 

0.882 

0.868 

40.0 

55.0 

178.0 

4.321 

7.505 

2.050 

1.183 

1.162 

0.882 

0.869 

40.0 

55.0 

180.0 

4.321 

7.504 

2.050 

1.182 

1.162 

0.882 

0.869 

40.0 

55.0 

CALCULATED  FINAL  CONDITIONS 

F*  2.932,  Bl*  2.050,  B2*  1.182,  CF*  0.03021,  Cl*  0.04321 
C2=  0.07504,  TF*  90.8,  TS1*  210.9,  Ti=  190.1,  SI*  1.162 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 
EFFECT  OF  INCREASING  HL3  BY  25  PERCENT 


INPUT  DATA 


INITIAL  CONDITIONS 

F®  2.430*  Bl  =  1.690,  B2*  0.980,  CF®  0.03020,  Cl®  0.04340 
C2®  0.07510,  TF*  88.5,  TS1®  201.0,  Tl*  184.0,  T2*  149.5 
HS I*  1175.1 


FINAL  CONDITIONS 

F*  2.930,  Bl*  2.050,  B2*  1.180,  CF®  0.03020,  Cl*  0.04320 
C2*  0.07510,  TF*  93.0,  TS1®  211.0,  Tl®  190.0,  T2®  149.5 
HSI®  1175.1 


CALCULATED  PARAMETERS 

UA1®  55.57,  UA2*  20.92,  HL2®  13.98,  HL3®  55.91 


CONTROLLER  SETTINGS 

KL1®  80.0,  KL2*  175.0,  KC2*  130.0,  TH®  6.0,  TL2*  6.0 
TC2®  7.0,  TDC2*  5.0 


CALCULATED  INITIAL  CONDITIONS 

F®  2.431,  Bi*  1.684,  B2*  0.978,  CF®  0.03021,  Cl®  0.04362 
C2*  0.07507,  TF®  90.8,  TS1®  201.4,  Ti®  184.1,  SI®  0.959 


A  7H3M 1*39X3 


0A6A0 

2.9A1 


OS6AO 

2.9A1 


O.d 


SdtAO 

929.0 


3TA*  0339  HI  9U  93T2  A  Of  32HG923*  9D0J  0320J0 
7H33*39  cS  Yfi  6JH  OKI2A3M3H1  90  103993 


AT  AO  TU9H1 


2HO I  7  I GHD3  JAITIHJ 
0  =10  ,0S060.0  =90  ,089.0  *S8  ,096.1  =18  ,0£A.S  =9 
=  S7  ,0.A81  =  17  ,0.10S  =  121  ,2.68  *97  ,01270.0  =  S0 

1.2711  =  1  2H 


2H01TIQH00  J AH  I  9 

0  =13  « QS060 .0  =90  ,081.1  =S8  ,020.S  =18  ,069. S  =9 
=  S  T  ,0.091  =1T  ,0.11S  =  i  2T  ,0.69  =97  ,01270.0  =$0 

I. 2711  =  I  2H 

2#3T39A*A9  Q3T  A  JUO  JAO 
19.22  =6  JH  ,89.61  =  SJH  ,S9.0S  =SAU  ,72.22  =IAU 


20MI7T32  83JJ08THG0 
=  SJT  ,0.6  =  i  JT  ,0.061  =  S0*  ,0.271  =Sj*  ,0.08  =  IJX 

0.2  *S0Q7  ,0.7  =  SOT 

2HG1TIOHOO  JAITIHI  037 A JUO JAO 
0  =10  ,  i  S06 0.0  =90  ,879.0  =S0  ,A86.1  =18  ,16A.S  =9 
=  12  , 1  •  A8I  =17  , A • 1  OS  =127  ,8.09  *9T  ,70270.0  =S0 


TIME  Cl  C2  Bl 


-2.0 

4.362 

7.507 

1.684 

0. 

-0.0 

4.362 

7.507 

1.684 

0. 

2.0 

4.329 

7.489 

1.800 

0. 

4.0 

4.295 

7.440 

1.923 

1. 

6.0 

4.267 

7.373 

2.032 

1. 

8.0 

4.246 

7.296 

2.122 

1. 

10.0 

4.230 

7.217 

2.194 

1. 

12.0 

4.219 

7.141 

2.246 

1. 

14.0 

4.213 

7.073 

2.279 

1. 

16.0 

4.211 

7.015 

2.294 

1. 

18.0 

4.213 

6.970 

2.294 

1. 

20.0 

4.218 

6.939 

2.278 

1. 

22.0 

4.227 

6.923 

2.251 

1. 

24.0 

4.238 

6.924 

2.214 

1. 

26.0 

4.251 

6.939 

2.170 

1. 

28.0 

4.265 

6.970 

2.123 

1. 

30.0 

4.280 

7.014 

2.074 

1. 

32.0 

4.295 

7.070 

2.028 

1. 

34.0 

4.310 

7.135 

1.987 

1. 

36.0 

4.323 

7.207 

1.953 

1. 

38.0 

4.336 

7.282 

1.927 

1. 

40.0 

4.348 

7.358 

1.910 

0. 

42.0 

4.358 

7.431 

1.902 

0. 

44.0 

4.366 

7.499 

1.903 

0. 

46.0 

4.372 

7.560 

1.910 

0. 

48.0 

4.377 

7.612 

1.923 

0. 

50.0 

4.380 

7.654 

1.939 

0. 

52.0 

4.382 

7.686 

1.958 

0. 

54.0 

4.382 

7.709 

1.978 

0. 

56.0 

4.382 

7.723 

1.997 

0. 

58.0 

4.380 

7.728 

2.016 

1. 

60.0 

4.377 

7.726 

2.033 

1. 

62.0 

4.373 

7.718 

2.048 

1. 

64.0 

4.369 

7.705 

2.060 

1. 

66.0 

4.365 

7.688 

2.070 

1. 

68.0 

4.360 

7.668 

2.077 

1. 

70.0 

4.355 

7.647 

2.082 

1. 

72.0 

4.350 

7.624 

2.085 

1. 

74.0 

4.346 

7.602 

2.085 

1. 

76.0 

4.341 

7.580 

2.084 

1. 

78.0 

4.337 

7.559 

2.082 

1. 

80.0 

4.334 

7.540 

2.079 

1. 

82.0 

4.330 

7.522 

2.075 

1. 

84.0 

4.328 

7.507 

2.071 

1. 

86.0 

4.325 

7.494 

2.066 

1. 

88.0 

4.323 

7.483 

2.062 

1. 

90.0 

4.322 

7.474 

2.058 

1. 

92.0 

4.321 

7.467 

2.054 

1. 

94.0 

4.320 

7.463 

2.050 

1. 

96.0 

4.320 

7.459 

2.047 

1. 

98.0 

4.320 

7.458 

2.045 

1. 

SI 

01 

02 

LI 

L2 

0.959 

0.748 

0.705 

40.0 

55.0 

0.959 

0.748 

0.705 

40.0 

55.0 

0.975 

0.726 

0.688 

44.2 

55.6 

0.994 

0.730 

0.694 

47.7 

57.3 

1.013 

0.742 

0.711 

49.9 

59.4 

1.033 

0.758 

0.730 

51.0 

61.5 

1.054 

0.775 

0.750 

51.1 

63.2 

1.075 

0.793 

0.771 

50.3 

64.  1 

1.096 

0.811 

0.792 

48.9 

64.3 

1.118 

0.830 

0.811 

47.1 

63.6 

1.138 

0.847 

0.830 

45.0 

62.1 

1.157 

0.864 

0.848 

42.9 

60.2 

1.174 

0.880 

0.864 

40.8 

58.0 

1.  190 

0.895 

0.877 

38.8 

55.7 

1.203 

0.907 

0.889 

37.1 

53.6 

1.214 

0.918 

0.898 

35.8 

51.6 

1.222 

0.927 

0.905 

34.9 

50.0 

1.228 

0.933 

0.910 

34.4 

48.7 

1.231 

0.938 

0.913 

34.3 

47.7 

1.233 

0.940 

0.915 

34.5 

47.1 

1.232 

0.941 

0.915 

35.1 

46.9 

1.230 

0.940 

0.913 

35.8 

47.1 

1.226 

0.938 

0.911 

36.7 

47.6 

1.222 

0.934 

0.907 

37.7 

48.5 

1.216 

0.930 

0.903 

38.6 

49.6 

1.210 

0.926 

0.899 

39.5 

51.0 

1.204 

0.921 

0.895 

40.3 

52.6 

1.197 

0.915 

0.890 

41.0 

54.2 

1.191 

0.910 

0.885 

41.5 

55.9 

1.185 

0.904 

0.880 

41.9 

57.4 

1.179 

0.899 

0.876 

42.1 

58.7 

1.173 

0.894 

0.871 

42.2 

59.7 

1.168 

0.890 

0.867 

42.2 

60.3 

1.  164 

0.886 

0.863 

42.1 

60.6 

1.161 

0.882 

0.860 

41.9 

60.6 

1.158 

0.880 

0.857 

41.7 

60.2 

1.155 

0.877 

0.855 

41.4 

59.6 

1.154 

0.875 

0.853 

41.1 

58.8 

1.153 

0.874 

0.852 

40.8 

58.0 

1.  152 

0.873 

0.851 

40.6 

57.1 

1.152 

0.873 

0.851 

40.3 

56.2 

1.153 
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0.850 

40.1 

55.5 

1.153 
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39.9 

54.8 
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0.852 
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53.5 
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53.6 
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39.5 

53.7 

B2 

978 

978 

992 

036 

108 

202 

309 

419 

517 

591 

631 

635 

608 

554 

483 

401 

315 

230 

150 

077 

015 

963 

923 

896 

880 

877 

887 

907 

939 

979 

027 

080 

133 

185 

231 

268 

296 

313 

320 

319 

311 

298 

282 

264 

246 

229 

213 

199 

187 

178 

171 
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TIME 

Cl 

C2 

81 

B2 

SI 

01 

02 

LI 

L2 

100.0 

4.320 

7.457 

2.043 

1.165 

1.166 

0.884 

0.860 

39.6 

53.9 

102.0 

4.321 

7.458 

2.042 

1.162 

1.167 

0.885 

0.861 

39.6 

54.1 

104.0 

4.321 

7.459 

2.040 

1.160 

1.168 

0.886 

0.862 

39.7 

54.3 

106.0 

4.322 

7.462 

2.040 

1.159 

1.169 

0.887 

0.863 

39.8 

54.5 

108.0 

4.323 

7.465 

2.039 

1.160 

1.170 

0.888 

0.864 

39.8 

54.6 

110.0 

4.324 

7.468 

2.039 

1.161 

1.171 

0.889 

0.865 

39.8 

54.8 

112.0 

4.325 

7.472 

2.039 

1.163 

1.172 

0.889 

0.866 

39.9 

54.9 

114.0 

4.327 

7.476 

2.039 

1.165 

1.173 

0.890 

0.866 

39.9 

55.0 

116.0 

4.328 

7.480 

2.039 

1.166 

1.173 

0.890 

0.867 

39.9 

55.1 

118.0 

4.329 

7.484 

2.039 

1.168 

1.174 

0.891 

0.867 

40.0 

55.1 

120.0 

4.330 

7.488 

2.039 

1.170 

1.174 

0.891 

0.868 

40.0 

55.1 

122.0 

4.331 

7.492 

2.039 

1.171 

1.174 

0.891 

0.868 

40.0 

55.1 

124.0 

4.332 

7.496 

2.039 

1.172 

1.174 

0.891 

0.868 

40.0 

55.  1 

126.0 

4.333 

7.500 

2.040 

1.173 

1.174 

0.891 

0.868 

40.0 

55.1 

128.0 

4.334 

7.503 

2.040 

1.174 

1.174 

0.891 

0.868 

40.0 

55.1 

130.0 

4.334 

7.506 

2.040 

1.174 

1.173 

0.891 

0.868 

40.0 

55.1 

132.0 

4.335 

7.509 

2.040 

1.174 

1.173 

0.891 

0.867 

40.0 

55.1 

134.0 

4.335 

7.512 

2.041 

1.175 

1.173 

0.891 

0.867 

40.0 

55.1 

136.0 

4.336 

7.514 

2.041 

1.175 

1.172 

0.890 

0.867 

40.0 

55.0 

138.0 

4.336 

7.516 

2.041 

1.175 

1.172 

0.890 

0.867 

40.0 

55.0 

140.0 

4.336 

7.517 

2.041 

1.175 

1.172 

0.890 

0.866 

40.0 

55.0 

142.0 

4.336 

7.518 

2.042 

1.176 

1.171 

0.889 

0.866 

40.0 

55.0 

144.0 

4.336 

7.519 

2.042 

1.176 

1.171 

0.889 

0.866 

40.0 

55.0 

146.0 

4.336 

7.520 

2.043 

1.177 

1.170 

0.889 

0.865 

40.1 

55.1 

148.0 

4.336 

7.520 

2.043 

1.177 

1.170 

0.888 

0.865 

40.1 

55.  I 

150.0 

4.336 

7.520 

2.043 

1.178 

1.170 

0.888 

0.865 

40.1 

55.1 

152.0 

4.335 

7.519 

2.044 

1.179 

1.169 

0.888 

0.864 

40.1 

55.1 

154.0 

4.335 

7.518 

2.044 

1.160 

1.169 

0.888 

0.864 

40.1 

55.1 

156.0 

4.335 

7.518 

2.045 

1.180 

1.169 

0.887 

0.864 

40.1 

55.  1 

158.0 

4.334 

7.517 

2.045 

1.181 

1.169 

0.887 

0.864 

40.1 

55.1 

160.0 

4.334 

7.515 

2.045 

1.182 

1.169 

0.887 

0.864 

40.0 

55.1 

162.0 

4.334 

7.514 

2.045 

1.182 

1.168 

0.887 

0.863 

40.0 

55.1 

164.0 

4.333 

7.513 

2.045 

1.183 

1.168 

0.887 

0.863 

40.0 

55.1 

166.0 

4.333 

7.512 

2.046 

1.183 

1.168 

0.887 

0.863 

40.0 

55.1 

168.0 

4.333 

7.510 

2.046 

1.184 

1.166 

0.887 

0.863 

40.0 

55.1 

170.0 

4.333 

7.509 

2.046 

1.184 

1.168 

0.887 

0.863 

40.0 

55.0 

172.0 

4.332 

7.508 

2.046 

1.184 

1.168 

0.887 

0.863 

40.0 

55.0 

174.0 

4.332 

7.507 

2.045 

1.183 

1.168 

0.887 

0.863 

40.0 

55.0 

176.0 

4.332 

7.506 

2.045 

1.183 

1.169 

0.887 

0.863 

40.0 

55.0 

178.0 

4.332 

7.505 

2.045 

1.183 

1.169 

0.887 

0.863 

40.0 

55.0 

180.0 

4.332 

7.505 

2.045 

1.183 

1.169 

0.887 

0.863 

40.0 

55.0 

CALCULATED  FINAL  CONDITIONS 

F*  2.932,  Bl=  2.045,  B2*  1.183,  CF*  0.03021,  Cl*  0.04332 
C2*  0.07505,  TF*  90.8,  TS1*  211.4,  Tl*  190.5,  SI*  1.169 


OTi'iOO. 


S.J 

i  j 

so 

10 

12 

S'J 

18 

S3 

13 

3  M  I  T 

p.c  2 

d.P£ 

088.0 

*88.0 

881  .1 

281  .  I 

£*0  •  S 

Y  2  *  •  Y 

0S€  .  * 

0.001 

i  .*2 

d  .  f  1 

188.0 

288.0 

\8l  .1 

SO  i  .  I 

S*O.S 

82*.  Y 

1  S  €  •  * 

O.SOi 

£.*2 

Y.P£ 

S88.0 

888.0 

881.1 

081  .  J 

0*0. s 

P  2  *  .  Y 

1  S£  •  * 

0.*0i 

2. *2 

8. PC 

f  88.0 

\  88.0 

081 .1 

021.1 

0*0. s 

S8*.  Y 

SS6  .* 

0.801 

8.  *2 

8.  pc 

*88.0 

886.0 

OY  i  .1 

081.1 

0£0.S 

28*.  Y 

€  S  €  *  * 

0.801 

8.  *2 

8. PC 

288.0 

088  .0 

1 V  1  .  i 

181 . 1 

0  €  0 .  S 

88*.  Y 

*  S  €  .  * 

O.Oi  1 

p.*2 

P.P£ 

888.0 

088.0 

SY1  .1 

€81.1 

0£0.S 

S  Y*  •  Y 

2  S  €  .  * 

O.Sli 

o.*e 

P.P£ 

888.0 

■5 . 0 

€  Y  i  •  i 

281.1 

0€0  •  S 

8Y*.Y 

^  S€  •* 

0.*1 1 

i  .22 

p.pc 

\dti.0 

006.0 

€Y1  .1 

881 . 1 

060. S 

08*.  Y 

BSC  .* 

0.811 

1  .22 

O.O* 

S88.G 

108.0 

*Y1  .1 

881.1 

060. S 

*  8*  .  Y 

P  S  t  .  * 

0.811 

1  .22 

0.0* 

888.0 

108.0 

*Y1  .1 

0Y1.1 

06  0.  S 

86*. Y 

0€€  .* 

0.0S1 

1.22 

0.0* 

888.0 

108.0 

*  Y  i  .1 

1 Y  1  .  1 

060  .S 

S  P  *  •  Y 

J  €  6 .  * 

O.SSi 

j  .22 

0.0* 

888. 0 

108.0 

*V  J  .1 

SYI  .  i 

0  €  0  .  S 

8P*.  Y 

S  €€.* 

0.*Si 

i  .22 

0.0* 

888.0 

108.0 

*Yi  .1 

€  Y 1  *  1 

0*0. S 

002.  Y 

€€£.* 

0.8SI 

i  .22 

0.0* 

888.0 

108.0 

*U  .1 

*Y  1  *  I 

0*0. s 

f  02.  Y 

*f  €.* 

0.8S1 

i  .22 

0.0* 

888.0 

108.0 

€Y1  .1 

*Y  1  .  1 

0*0. s 

802.  Y 

*€€.* 

0.0€  1 

t.ee 

0.0* 

Y86.0 

108.0 

CY  i  .1 

*Y  1  .  i 

0*0. s 

P02.  Y 

2£ £  . * 

0.SC1 

i  .22 

0.0* 

Y88  .0 

108  .0 

€ Yi  .  1 

2  Y 1  .  1 

1*0.  s 

S12.Y 

2£ £  .* 

0.*€  1 

0.22 

0.0* 

Y88.0 

008.0 

SYi  .1 

.  Y  1  .  1 

J*O.S 

*12. Y 

8€  €  .* 

0  •  8€  1 

0.22 

0.0* 

Yd8.0 

008.0 

S\  1  .1 

2  Y  1  .  1 

1*0. s 

812. Y 

86 €  •  * 

0  •  8€  1 

0.22 

G  .0* 

888.0 

008.0 

SY  1  .1 

2Y  1  .  i 

1*0. s 

Y  J  2  .  Y 

8€  €  •  * 

0.0*1 

0.22 

0.0* 

888  .0 

088.0 

1Y1  .1 

dYi.l 

S*G.S 

812. Y 

8€€  •* 

O.S*l 

0.22 

0.0* 

8*5  8.0 

088.0 

m.i 

8Y  1  .  1 

s*o.s 

P18.Y 

8€€  •  * 

0.**1 

i  .22 

1.0* 

288.0 

088.0 

OM  .1 

Ui.i 

€*0  •  S 

0S2.Y 

8€  €  •  * 

0.8*1 

j  .22 

1.0* 

288.0 

886.0 

0  Y 1  .1 

Y  Y 1  •  I 

t*o.s 

0S2.Y 

8f  €  .  * 

0.8*1 

i  .22 

1  .0* 

288.0 

888.0 

0Y1  .1 

8Y1  .  I 

6*0. S 

0S2.Y 

8€  €  •  * 

0.021 

i  .22 

J  .0* 

*88.0 

888.0 

081.1 

OY  J  .  1 

**o.s 

PJ2.Y 

2C€  .* 

0.S21 

1.22 

1.0* 

*88.0 

888.0 

081.1 

081 . 1 

**o.s 

812. Y 

2££  •* 

0.*21 

j  .22 

1.0* 

*88.0 

Y68.0 

081.1 

081 . 1 

2*0. S 

812.  Y 

?€€  .  * 

0.821 

i  .22 

i  .0* 

*88.0 

Y88.0 

081. i 

181 . 1 

2*0. S 

Y  1  2  *  V 

*€€.* 

0.821 

j  .22 

0.0* 

*88.0 

Y88.0 

081.1 

S8J  .  1 

2*0. S 

212.  Y 

*€€.* 

0.081 

1.22 

0.0* 

€88.0 

Y66.0 

881.1 

SB  i  .  1 

2*0.  S 

*12.  Y 

*€€.* 

0.S81 

I  .22 

0.0* 

€88.0 

Y88.0 

881.1 

€81 . 1 

2*0. S 

€12.  Y 

€€€.* 

0.*81 

i  .22 

0.0* 

€88  .0 

Y  8  8  .0 

881.1 

€81.1 

8*0. S 

S12.Y 

€€€.* 

0  •  88 1 

J  .22 

0.0* 

€88.0 

Y88.0 

881 .1 

*61 . 1 

8*0.  S 

012. Y 

€€€.* 

0.881 

0.22 

0.0* 

€88.0 

\  88.0 

881.1 

*81 . 1 

8*0. S 

P02.Y 

€€€.* 

0.0Y1 

0.22 

0.0* 

€88.0 

V  88*0 

881.1 

*61.1 

8*0. S 

802.  Y 

S6€  •* 

0.SY1 

0.22 

0.0* 

€88.0 

Y88.0 

881.1 

€81.1 

2*0. S 

YOc.Y 

S€  €  .* 

0  •  *Y  1 

0.22 

0.0* 

€88.0 

Y88.0 

081 .1 

€81.1 

2*0. S 

802.  Y 

S€€  .* 

0.8Y1 

0.22 

0.0* 

€88.0 

Y  88.0 

081.1 

€81.1 

2*0  .S 

202. Y 

S€  €  •  * 

0  •  8  V  1 

0.22 

0.0* 

£88.0 

Y88.0 

081.1 

€81.1 

2*0.  S 

202.  Y 

S€  €  .  * 

0.081 

2  nun  ianoo 

jAni  3 

03TAJU3JA3 

sc£*o.o  * 

10  , 1  S0€0 .0 

=  33  ,€81.1  *S8  ,2*0. S  =18 

,  S6P.S 

=3 

P8I 

.1  =12 

•e.oei 

=  11 

,*.1IS 

=  i  2T 

,8. OP 

=  '-<T  ,202^0.0 

=  S3 

10-1 


APPENDIX  10 

LINEAR  MODEL  AND  RESULTS 


The  linear  model  was  derived  by  linearization  of  the 
original  model's  equations  in  the  manner  shown  in  Chapter  II. 
Since  this  model  was  solved  in  precisely  the  same  manner  as 
the  non-linear  model  only  the  sub-routine  that  calculates  the 
coefficients  of  the  linear  equations  is  included  in  this 
appendix . 

For  programming  convenience,  each  of  the  parameters 

of  the  system  were  given  numbers  which  are 


No. 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

In  the 


first  effect  holdup, 

first  effect  enthalpy, 

first  effect  concentration, 

second  effect  holdup, 

second  effect  concentration,  Ch 

2 

first  effect  product, 
second  effect  product, 
steam  rate,  Si 
feed  rate,  F 
feed  enthalpy,  Hf 
feed  concentration,  Cf 
second  effect  temperatures, 
program,  for  example,  the  symbol  02(5) 


is  equal  to 


02(5) 


J 


.if 


. 

— 


’  •  ■ 


■ 

■V  - 

■> 

\  , 

r 


1  < 
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The  results  given  in  this  appendix  include  the  tran¬ 
sient  data  for  experiment  4  plus  the  normalized  linear  dif¬ 
ferential  equations  of  the  model  and  the  normalized  linear 
control  equations.  The  parameters  of  these  linear  equations 
are  actually  deviation  variables  and  are  not  equal  to  the 
other  parameters  of  these  results  though  the  nomenclature  is 
the  same . 
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SUBROUTINE  MATR I ( Y ,B10 , B20, S I , HF, CF , T2 , UA1 , UA2 , F , HS I , A , V ) 
THIS  SUBROUTINE  CALCULATES  THE  MATRIX  OF  THE  LINEAR  MODEL 
DIMENSION  H2(  12),TU3)  , TS1( 8) ,Q1 ( 8)  ,Q2(12)  ,01(12)  ,02(12) 
DIMENSION  A C 8, 12), Y 1 12) ,V( 12),R(8, 121 
DO  10  1*1,5 
DO  10  J=l,12 
A( I,J)*0.0 
W 1R*Y ( 2 ) 

H1*Y(3)/W1R 
CI*Y(4)/W1R 
W2R*Y( 5) 

C2*Y(6)/W2R 

T1B*(H1+32*1-6**C1 )/tl •-• 454*C 1 ) 
TSiB*(SI*(HSI+32.)+TlB*UAl)/(UAl+SI ) 

H2B*T2*( l.-.454*C2)-32.i+6.*C2 
HVAP*1098.-.6*T1B 
01B*F-B10 
028*810-620 
H02*1066. 1+.4*T2 
HOI* 1066. 1+.4*T1B 
H2(5)*6.0-.454*T2 
H2( 12)*1.-.454*C2 
Tl(2)=l*/( 1«— *454*C1) 

Tl(3)*(.454*TiB-6.0)/( 1*-.454*C1) 
T$1I2)*UA1*T1C2)/«UAUSI> 

TSU  3)*UAi*Tl(  3) /( UA1+SI ) 

TSi(8)*lHSI+32.-TSlB)/(UAi+SI ) 

QK2)*UA1*(TS1(2)-T1(2)  ) 

Q1(3)*UA1*(TS1(3)-Ti(3) ) 

Ql(8)*UAi*TSi(8) 

Q2 1  2 )*UA2*T 112) 

Q2(  3)*UA2*TH  3) 

Q2 1 12 )*— UA2 

01 ( 2 )*(Q2< 2) +.6*016*11(2) )/HVAP 

01(3)*(Q2( 3>+.6*01B*Tl( 3) I/HVAP 

01(12) *Q2(12)/HVAP 

Z*6.-.454*T2 

DEN*H02-H2B+Z*C2 

02(2)=<Q2(2)+B10)/DEN 

02(3)*(Q2(3 )— Z*B1Q ) /DEN 

02 ( 5 )* ( B20*Z— B10*H2(  5) ) /DEN 

02 ( 6 ) * ( H1-H2B+Z*( C2-C1 ) ) /DEN 

02(  12  )*(  Q2(  12)-02B*.4-B20*H2( 12)  ) /DEN 

A 4 1,2)*— 01( 2) 

A (  1 , 3  )  *—01 1  3 ) 

A( 1,6)*-1.0 

A(l,9)=1.0 

A ( 1 , 12 )*— 01 ( 12 ) 

A ( 2 , 2 ) * ( F— 01B— 01B* .4*T 1 (21  —  4 H01-H 1 ) *01 ( 2 ) +Q1 ( 2 ) )/WlR 
A ( 2, 3 ) *(— OiB* .4*T1 ( 3 )— ( H01-H1 )*01(3)+Q1(3) )/WlR 
A(2,8)*Q1(8)/W1R 
A ( 2 , 9 ) * (HF-H1 ) /WlR 


(VtA,I2Ht3t£AU»iAU,STt30t3H,I2*QSQ»Glti*YH HT AM  3imU0fl8U2 
J3GGM  XA3H I J  3HT  3G  XlflTAM  3HT  23  7  A  JUG  JAG  3HITUOS8U2  2IH7 
(Si)SG,  (Si>iO,(Si)£0,(8)iO,(8>i2T,lt  HT,(SnSH  tfOI 2H3M I U 

(SI,8)fl,(SI)V,tSi}Y,(Si,8)A  MOI2M3MIO 

e,i*i  oi  oa 
si,i=i  oi  oa 
o.o*u, i ) a 

IS ) Y=fliW 
fllW\(£)Y*iH 
fllW\(*)Y*10 

<e ) y*«sw 

8SW\(d)Y=£0 
(  10**cV.-.  i  1\(  10*.d-l  .S£+I H  J  =8  J  T 
(  I2  +  iAU>\UAU*aiT+C.S£  +  12H)*l2)*812T 
SO*. <3  +  1  .S£-(  S0**2*.-.I  )*  ST*8£H 

81T*d.-.8P0i*9AVH 
018-3*810 
OS 8—0 1 8 =8 SO 
ST**.+1 .ddOl *SOH 
8iT«*.+i .dd01*10H 
ST**c!*.-0.d  =  (<?)SH 
S0*^2£  *-• 1  *  I  Si )SH 

uo*^*.-.i  )\.i*esnT 
(io*^e^.-. i  )\(o.d-aiT*Ae^. >*ct nr 
U2+IAUJ\miT*!AU*(SH2T 
(  1  2  +  1 AU  )\(£  UT*lAU*<£)i2T 
(  I2+iAU>\t8i2T-.S£+I2H)*(8H2T 
I (S)IT-(S)12T ) * 1 AU  * { S  )  1 Q 
(  miT-f£H2T)*iAU*(£  HO 
( 8  )  1 2  T* 1 AU* (8)10 
(SiiT*SAU*(S)S0 
It  UT*SAU*(£  )SQ 
SAU~*(Si)St> 

3 AVH\ ( IS) iT*8iQ*d.+(S)S0)*(SIIO 
3 AVH\  I  {£  UT*8I0*d.+  (£  )SU)*C£)iO 

9A VH\ ( S 1 ) SO* ( S i >10 
ST**e*„-.d*s 
SO*  S  +  8SH-S0H*H3Q 
*130  \  (  01 8+  (  S  )Sw  )  -  f  S  )  SO 
M3Q\ (Qi8*S-(£)SO)*(£)SO 
H3U\<  {<?  )SH*01fl-S*0S8)*(2)S0 
H3U\ I  I 10—S  0 )*X+flSH-iH ) *  I d ) SO 
H3G\( (SI )SH*QS8-*.*8S0-(Si >SQ)*(SJ  »S0 

(S)10-*(StI )A 
( £  )  1 0-» (  £  ,  1 )  A 
0.i-*(dtl ) A 
0.1*19,1 )A 
(Si )I0-*(Si,i )A 

«IW\{  IS)  10+ (S) 10* ( IH-iOH)-(S) 1 T**. *810-810-3)* (S,S> A 
fliW\  (  It  )1Q+U  )  10*  (  1H-10H  >-{£  )  1T*A.*810-)*(£,S  >A 

fliW\(8)iO*(8,S)A 
SiW\( 1H-3H)  =  (P,S  )A 


. 

~  j 

'  \ 


A  t  2 
A  ( 2 
A  t  3 
At  3 
At  3 
At  3 
A  ( 3 
A(4 
A  t  4 
A  t  4 
A  t  4 
At  4 
A 1 4 
A  ( 5 
At5 
A  ( 5 
A  t  5 
A  t  5 
Vtl 
Vt  2 

V  <  3 

V  t  4 

V  t  5 

V  ( 6 

V  t  7 
V 1 8 
V 1 9 


10  )  =  F/W  1R 

12 ) *  t  HO 1— HI ) *0 1 ( 12) /W 1R 

2) =C1*01!2)/W1R 

3) *(C1*01(3)— B101/W1R 
9 )  *  t  CF-C1 ) /W1R 

11 >*F/W1R 
12)*C1*01(12)/W1R 
2)=-02( 2) 

3)*-02(3) 

5 )  =— 02 ( 5) 

6 ) *l.-02l  6 ) 

7 ) =-l. 

12  )*— 02  t 12 ) 

2) *C2*02(2)/W2R 

3) *!B10+C2*02!  3D/W2R 

5 ) *t  —  B20-*-C2*02  €31) /W2R 

6) *tCl-C2K)2t6)*C2)/W2R 
12 )=C2*02 1 121/W2R 

=  W 1R 


a 


=  H  1 
=C  1 
:W2R 
=C2 
BIO 
B20 
SI 
l*F 
Vt  10)*HF 
Vtll)*CF 
V  1 12)*T2 
DO  11  1*1,5 
DO  11  J*l, 12 

11  R<I,J)*AtI,Ji*V<J)/V(I) 

WRITE  t 6, 16) 

WRITE (6,15)  Ril,2),R(l,3),R(l,6),R(l,9),R!l,12) 

WRITEt6,17)  R!2,2)»Rt2,3),Rt2,8),R(2,9),R(2,10),R(2,12) 

WRITE t  6,18)  Rt3,2) ,Rt 3,31 ,Rt 3,9), Rt3, 11) ,R (3,12) 

WR I TE ( 6, 19 )  R(4,2),R(4,3),R(4,5),R(4,6),R(4,7),R{4,12) 

WRITE (6, 20)  Rt5,2),Rt5,3),R(5,5),R(5,6),Rt5,12) 

RETURN 

15  FORMAT  1 1HJ, 14X, 7HDW1/DT*, E 10. 3,3HH1 , , E 10. 3, 3HC1 , ,E10.3,3HB1,/22X,E 
110.3,2HF,,E10.3,2HT2) 

17  FORMAT! 1HJ, 14X, 7HDH1/DT*, E 10. 3, 3HH1 , ,E 10. 3,3HC1 , , El 0. 3 , 3HS I , /22X , E 
110.3, 2HF, ,E10.3,3HHF,,E10.3*2HT2) 

18  FORMAT t 1HJ,14X, 7HDC1/DT=,E 10.3, 3HH1, ,E 10.3, 3HC1, ,E 10.3, 2HF,/22X, El 
10.3, 3HCF, ,E10.3,2HT2) 

19  FORMAT! 1HJ, 14X, 7HDW2/DT*, E 10.3, 3HH1,,E 10.3, 3HC1,, El 0.3, 3HC2,/22X,E 
110. 3, 3HB1 , , E10. 3, 3HB2, , E10. 3,2HT2 ) 

20  FORMAT! 1HJ, 14X, 7HDC2/0T*, £10. 3,3HH1 , ,E 10.3, 3HCI, ,E 10.3, 3HC2,/22X,E 
110.3,3H81,,E10.3,2HT2) 

16  FORMAT  1 1HK, 14X, 27HN0RMAL I  ZED  LINEAR  EQUATIONS) 

END 
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flIW\(SHG*10=(S 
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HIW\3=( II 

juwxcsi  )io*io*tsi 

(S  )SO-=(S 
(£ )SO-=(£ 

<2 >su-*<2 
(dJSO-.i* (d 
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(SI  )SO-*(SI 
HSW\(S)SO*SO=(S 

hsw\( le >so*so+oia)=(£ 

HSW\( <2)SO*SD*OS6-)=<2 
HSWN  (  SO*(  <i)SQ4SD-IO)^(d 
HSW  \  ( S I  )SO*SO=CSi 

HIW  = 
IH- 
13  = 
HSw  = 
S3  = 
□  I«= 
0S8  = 
12  = 
3  = 
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S)  A 
S  )  A 
£  I A 

eu 

£  I  A 
£  IA 
£  )  A 
A )  A 
A  I  A 
A )  A 
A  I  A 
A )  A 
A )  A 
2  1  A 
2 )  A 

2>a 

eu 

2  I  A 

I  )  V 

S) V 
£  )  V 
A)V 
2)  V 
d )  V 

T)  V 
8 )  V 
91  V 

3H=<0I » V 


33=( 


ST= ( SI ) V 

00 
00 


I  >  V 


2,1=1  I 
Si,I*t  I 
<I)V\CL)V«CttI II 
idl ,d  >3TlflW 

<SI,I)fl,(9,J)>»,«d,I)fl,<£,Ilfl,(S,I>fl  <21  tdHTIflW 
<SI,S)fl,(0I,S)fl,(9,S)H,(8,S)H,{£,S)a,(S,S)fl  (Vi ,d)3TIflW 
(SI, £>fl, (II, £)fl, <9, £)*,<£,£)*,  (S,£)fl  (81 ,d)3TIHW 
(SI,A>fl,<Y,A)fl,(d,A>fl,<2,A>*,<£,A)#,{S,A)a  <9I,d)3Tl«W 
<SJ,2lfl,(d,2>fl,(2,2)fl,(£,2^,(S,2*fl  <0S,d)3TIflW 

IAflUT3fl 

3,XSS\, I8H£,£ .013, , iOM£,£.OI3,,IHH£,£.OI3,=Ta\IWOHY,XAi ,IHI ) TAMH03  21 

<STHS,£.0I3, ,3HS,£.0II 

3,XSS\»  12  H£  013,  ,1  3H£  ,£.013,  ,  IHH£,£.OI 3 ,=TO\IHOHY ,XAI  ,IHJ  HAMfl03  VI 

(STHS,£.OI3,,3HHf ,£.013, ,3HS,£.0II 

I3,XSS\,3HS,£.0I3, ,IOH£,£.OI3, , IHH£ ,£. 01 3 , =T0\ I DOHY , X A I , LHI ) TAM803  81 

(SlHS,£.0I3,,30H£f£.0I 

3,XSS\,S0H£,£.0I3, , IOH£,£.OI 3, , 1HH£  ,£. 01  3,  =  T(J\SWOHY  , XAI ,IHI JTA4H03  91 

<STHS,£.GI3,  ,S8H£,£.0I3 , , I8H£,£.0II 

5  ,XSS\,S0H£,£.O13, , 1 3H£ , £ .0  I  3 , , iHHfc , £ . 01 3 , =7 CASOGH V , XAI ,LHJ  HAMH03  OS 

<STHS,£.0J3, ,J«H£,£ .Oil 

( 2tfO I T AUQ3  HA3HIJ  03S I JAMflOUHV S , XAI , XHI ) TAMHQ3  dl 
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EXPERIMENT  4 


CLOSED  LOOP  RESPONSE  TO  A  STEP  UP  IN  FEED  RATE 
SOLUTION  TO  THE  LINEARIZED  MODEL 


INPUT  DATA 
INITIAL  CONDITIONS 

F=  2,430,  Bl=  1.690,  B2=  0.980,  CF=  0.03020,  Cl=  0.04340 
C2=  0.07510,  TF=  88.5,  TS1=  201.0,  Tl=  184.0,  T2=  149.5 
Hsl=  1175.1 

FINAL  CONDITIONS 

F=  2.930,  Bl=  2.050,  B2=  1.180,  CF=  0.03020,  Ci=  0.04320 
C2=  0.07510,  TF=  93.0,  TSl=  211.0,  Tl=  190.0,  T2=  149.5 
Hsi=  1175.1 

CALCULATED  PARAMETERS 

UA 1=  55.57,  UA2=  20.92,  HL2=  13.98,  HL3=  55.91 
CONTROLLER  SETTINGS 

KL1=  80.0,  KL2=  175.0,  KC2=  130.0,  TLl=  6.0,  TL2=  6.0 
TC2=  7.0,  TDC2=  5.0 

CALCULATED  INITIAL  CONDTIONS 

F=  2.431,  Bl=  1.691,  B2=  0.978,  CF=  0.03021,  Cl=  0.04344 
C2=  0.07507,  TF=  90.8,  TSl=  201.0,  Tl=  183.8,  SI=  0.951 


NORMALIZED  LINEAR  EQUATIONS 

DWl/DT=-0 . 87 1E-01H1 , -0 . 198E-02C1 , -0 . 450E-01B1 , 

0 . 647 E- OIF ,  0.843E-01T2 

DHl/DT=-0  o  57 IE  00H1 , -0 . 140E-0 ICl ,  0.169E  0081, 

-0 . 396E-0 IF ,  0 „ 25lE-0lHf ,-0 . 563E  00T2 

DCl/DT=  0  o  87 1E-0 lHl ,-Q .430 E-OlC 1,-0 . 197E-01F , 

0 .450E-01CF ,-0 . 843E-01T2 

DW2/DT=-0 «, 126E  00Hl,-0.  282E-0  2C1 , -0 . 122E-03C2, 

0 . 609E-01B1 ,  -  0 . 3  64E-0 1B2  ,  0o.122E  00T2 

CD2/Dt=  0.126E  00H1,  0 . 393E-01C1 , -0 . 363E-0 1C2 , 

-0 . 244E-0lBl,-0 . 122E  00T2 

Bl=  0.281E  01W1  +  0.469E  OOlNT(Wl) 

B2=  0.139E  01W2  +  0.232E  00INT(W2) 

SI— -0 . 124E  01C2  -0.177E  00INT ( C2) -0 . 620E  01DC2/DT 
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TIME 

Cl 

C2 

-2.0 

4.344 

7.507 

-0.0 

4.344 

7.507 

2.0 

4.310 

7.486 

4.0 

4.275 

7.430 

6.0 

4.245 

7.354 

8,0 

4.222 

7.268 

10.0 

4.207 

7.181 

12.0 

4.198 

7.101 

14.0 

4.196 

7.033 

16.0 

4.199 

6.984 

18.0 

4.207 

6.956 

20.0 

4.219 

6.950 

22.0 

4.235 

6.966 

24.0 

4.252 

7.002 

26.0 

4.270 

7.056 

28.0 

4.289 

7.124 

30.0 

4.307 

7.201 

32.0 

4.324 

7.284 

34.0 

4.339 

7.367 

36.0 

4.352 

7.448 

38.0 

4.362 

7.523 

40.0 

4.370 

7.588 

42.0 

4.376 

7.643 

44.0 

4.379 

7.686 

46.0 

4.379 

7.717 

48.0 

4.378 

7.736 

50.0 

4.375 

7.744 

52.0 

4.370 

7.741 

54.0 

4.365 

7.730 

56.0 

4.358 

7.711 

58.0 

4.351 

7.687 

60.0 

4.344 

7.660 

62.0 

4.337 

7.631 

64.0 

4.330 

7.600 

66 . 0 

4.324 

7.571 

68.0 

4.318 

7.544 

70.0 

4.313 

7.518 

72.0 

4.309 

7.497 

74.0 

4.305 

7.478 

76.0 

4.303 

7.463 

78.0 

4.301 

7.452 

80.0 

4.300 

7.444 

82.0 

4.299 

7.440 

84.0 

4.299 

4.438 

86.0 

4.300 

7.439 

88.0 

4.301 

7.443 

90.0 

4.302 

7.447 

92.0 

4.304 

7.453 

94.0 

4.305 

7.460 

96.0 

4.307 

7.468 

98.0 

4.309 

7.475 

Bl  B2  SI 


1.691 

0.978 

0.951 

1.691 

0.978 

0.951 

1.811 

0.985 

0.970 

1.945 

1.009 

0.992 

2.066 

1.049 

1.015 

2.164 

1.10  2 

1.039 

2.236 

1.166 

1.064 

2.279 

1.236 

1.090 

2.295 

1.306 

1.114 

2.287 

1.373 

1.136 

2.259 

1.431 

1.156 

2.218 

1.476 

1.173 

2.167 

1.506 

1.187 

2.113 

1.518 

1.197 

2.059 

1.512 

1.204 

2.011 

1.489 

1.207 

1.970 

1.450 

1.208 

1.938 

1.397 

1.205 

1.917 

1.335 

1.201 

1.906 

1.266 

1.194 

1.904 

1.194 

1.186 

1.911 

1.124 

1.178 

1.925 

1.058 

1.169 

1.944 

0.999 

1.159 

1.966 

0.950 

1.151 

1.990 

0.913 

1.142 

2.013 

0.889 

1.135 

2.036 

0.878 

1.129 

2.056 

0.880 

1.123 

2.072 

0.894 

1.119 

2.086 

0.918 

1.116 

2.096 

0.952 

1.114 

2.102 

0.993 

1.113 

2.105 

1.039 

1.113 

2.105 

1.088 

1.113 

2.102 

1.137 

1.114 

2.098 

1.185 

1.116 

2.092 

1.229 

1.118 

2.086 

1.269 

1.121 

2.079 

1.303 

1.123 

2.072 

1.330 

1.126 

2.065 

1.350 

1.128 

2.059 

1.362 

1.131 

2.053 

1.367 

1.133 

2.048 

1.365 

1.135 

2.044 

1.357 

1.137 

2.042 

1.343 

1.138 

2.039 

1.325 

1.139 

2.038 

1.303 

1.140 

2.037 

1.378 

1.141 

2.037 

1.252 

1.141 

J 


' 

■  ' 

l 

*  •  •  :  u 

'  .  ■  .  .  /  . 

, 

\  .  ,  ;  ; .  •  pi  . 

■ 

. 

?  •  ..  :  .  ;.a. 

.  .  ,  ■ 

■'  •  -  .  .  :• 

.  ••• ,  ■  i  r  :  . 

.  ‘ 

■  ,  .  •.  . 

■  '  : 

.  *  *  , 

.  '■  •:  ■:  '  ■  (  ■: 

■  ■  '  <•  -  rc :  . 

■ 

i .  .  .. 


/ 


■ 

: 

'  «•  ■■  . 

. 

.  ..  ■  "0  '• 

0.H1 

..  .  .  ■■ 

&  :  '  ’  • 

... 

•  ■  . 

.  • 

V  '  ,  ..... 

'  ■  -  ,S.  - 

■ 

:  .»  ' 

■ 

.. 


. CONTD 


TIME  Cl 

C2 

Bl 

B2 

SI 

100.0 

4.311 

7.483 

2.037 

1.226 

1.141 

102.0 

4.312 

7.490 

2.038 

1.200 

1.141 

104.0 

4.314 

7.497 

2.039 

1.175 

1.141 

106.0 

4.315 

7.503 

2.040 

1.153 

1.141 

108.0 

4.317 

7.508 

2.042 

1.133 

1.140 

110.0 

4.317 

7.513 

2.043 

1.116 

1.139 

112.0 

4.318 

7.517 

2.044 

1.103 

1.139 

114.0 

4.319 

7.520 

2.045 

1.094 

1.138 

116.0 

4.319 

7.522 

2.047 

1.087 

1.137 

118.0 

4.319 

7.523 

2.048 

1.085 

1.137 

120.0 

4.319 

7.524 

2.049 

1.086 

1.136 

122.0 

4.319 

7.524 

2.050 

1.090 

1.136 

124.0 

4.319 

7.524 

2.051 

1.096 

1.135 

126.0 

4.319 

7.523 

2.051 

1.105 

1.135 

128.0 

4.318 

7.522 

2.052 

1.115 

1.134 

130.0 

4.318 

7.520 

2.052 

1.126 

1.134 

132.0 

4.317 

7.519 

2.053 

1.139 

1.134 

134.0 

4.317 

7.517 

2.053 

1.151 

1.134 

136.0 

4.316 

7.515 

2.053 

1.164 

1.134 

138.0 

4.316 

7.513 

2.053 

1.176 

1.133 

140.0 

4.315 

7.511 

2.053 

1.187 

1.134 

142.0 

4.315 

7.509 

2.053 

1.197 

1.134 

144.0 

4.314 

7.507 

2.052 

1.205 

1.134 

146.0 

4.314 

7.506 

2.052 

1.212 

1.134 

148.0 

4.314 

7.505 

2.052 

1.128 

1.134 

150.0 

4.314 

7.504 

2.052 

1.221 

1.134 

152.0 

4.313 

7.503 

2.051 

1.223 

1.135 

154.0 

4.313 

7.502 

2.051 

1.224 

1.135 

156.0 

4.313 

7.502 

2.051 

1.223 

1.135 

158.0 

4.313 

7.502 

2.050 

1.220 

1.135 

160.0 

4.313 

7.502 

2.050 

1.217 

1.135 

162.0 

4.314 

7.502 

2.050 

1.213 

1.135 

164.0 

4.314 

7.502 

2.050 

1.208 

1.135 

166.0 

4.314 

7.503 

2.049 

1.202 

1.136 

168.0 

4.314 

7.503 

2.049 

1.197 

1.136 

170.0 

4.314 

7.504 

2.049 

1.191 

1.136 

172.0 

4.314 

7.504 

2.049 

1.185 

1.136 

174.0 

4.314 

7.505 

2.049 

1 . 180 

1.136 

176.0 

4.314 

7.505 

2.049 

1.175 

1.136 

178.0 

4.315 

7.506 

2.049 

1.171 

1.136 

180.0 

4.315 

7.506 

2.049 

1.167 

1.136 

182.0 

4.315 

7.507 

2.049 

1.164 

1.136 

CALCULATED  FINAL  CONDITIONS 

F=  2.932,  Bl=  2.049,  B2=  1.164,  CF=  0.03021,  Cl=  0.04315 
C2=  0.07507,  TF=  90.8,  TSl=  210.7,  Tl=  190.3,  SI=  1.136 
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APPENDIX  11 

MIMIC  PROGRAM  FOR  SOLVING  THE  MODEL 


As  can  be  seen,  the  coding  for  the  solution  of  this 
model  via  MIMIC  is  very  similar  to  Fortran  programming,,  How¬ 
ever,  MIMIC  also  has  the  proviso  that  coding  can  be  of  a  form 
more  familiar  to  analog  users,  if  this  be  so  desired.  For 
example , 

A  =  C  x  D 


can  be  coded  as 


or 


A  C*D 

A  MD  Y  ( C ,  D ) 


with  similar  functions  for  the  other  arithmetic  operations. 

The  results  produced  by  this  MIMIC  program  were  very 
similar  to  those  produced  by  the  Fortran  solution  to  the  model. 
Unfortunately  the  user  does  not  have  enough  control  over  the 
output  format  to  allow  the  output  to  be  put  in  a  form  that 
could  be  presented  here  and  therefore  the  results  have  been 
omitted.  As  mentioned  in  Chapter  VII,  MIMIC  required  roughly 
7  times  as  much  computer  time  as  did  the  Fortran  program  to 
solve  the  model  and  further  that  MIMIC  requires  that  initial 
conditions  be  calculated  prior  to  the  use  of  MIMIC.  It  is 
felt  these  drawbacks  of  MIMIC  over-weigh  the  virtue  of  being 
very  simple  to  use  and  for  that  reason  MIMIC  was  not  used  for 


this  work. 


I. 


■H 


1 


,  / 


■  !  ‘  ■  ■  "  '  '•>  -  ’  .  1  •  *?  1 


■  ••  ■ '  i  a  .  '  ■  ‘  -  0  ;  ■  -y<  .> 


if  :oj'  Vjsoni 


' 


'■  '  ;>  ,•  i 


:  rv.--'- 


no 


1 


,  ir  v- 


; 

•  •'  .  •  ■-  ••  '  •  > 


•  :  ' 

' 

i 

4 '  -  ' 


'  >  ■  '•  '  j  r\C  i  ufo  \  .  :K 


. 


✓ 
r'  • 


■  ••  •  . 


. 


' 


•• 


-( 


SINOR 

SIGSIO 

F 

EW1 

EW2 

EC2 

Cl 

HI 

C2 

SIGL1 
DELV 
B 1 
B2 
T 1 
H2 
02 
H02 
HVAP 
HOI 
NUM 
OEN 
02 
01 

F0ERC2 

SIGSI 

SI 

TS1 

01 

B1N0R 

SIGL10 

Y 1 

Y2 

Y3 

Y4 

Y5 

Y6 

Y7 

Y8 

TIME 


MIMIC  SOURCE  ***********  * 

C0NIW1R,Y20,Y30,W2R,Y50,C2R) 
C0N(HF,UA1*  UA2  »HL2»HL3»KL1 ) 

CONI KL2,KC2*TL1,TL2,TC2*TDC2) 

CON IB10,620,SI0,FQ,F1,  SDENS ) 
C0N(DHDC,DT,T2,CF,DTMIN,HSI > 
SI0/(0.68*SDENS) 

EXPI2. 1978, SINOR) 

FSWIT— 4.,FQ,F1,F1) 

I Y1-W1R)*20.5 
IY4-W2R>*20.5 
I C2R-C2 ) *125000. 

Y3/Y1 

Y2/Y1 

Y5/Y4 

I EW1+Y6 ) /KL 1+SIGL10 
3.9413*IEW2+Y7)/KL2 
1.33*EXP(.481,SIGL1) 

B20*EXP( DELV, 10* ) 

I Hl+32 • 1-6. *C l)/tl.-.  454*C 1 ) 

T2*t i.-.454*C2)-32.1+6.*C2 
UA2*l T 1— T2 ) 

1066.1+.4*T2 
1098.~.6*Ti 
1068.73+. 386*T1 

Q2-HL3+B1* I H1-H2-DH0C* I C 1-C2 ) ) 
DHDC*C  2+H02-H2 
NUM/DEN 
I Q2+HL  2 ) /HVAP 

100. *t Bi*I C2-C 1 )— 02*C2 ) / 1  • 0008 » Y4 ) 
IEC2+Y8+TDC2*FDERC2)/KC2+SIGSI0 
0.68*SDENS*EXPC. 455, SIGSI) 
<SI*IHSH-32.)+Tl*UAl)/IUAl  +  SI ) 
UA1*CTS1— T 1 ) 

BIO/1.33 

EXP(2.079*B 1N0R ) 

INTIF~B1-01,W1R) 

INTI  F*HF-*-Qi— Bl*Hl-01*H0l ,  Y20  ) 

INTI F*CF-B 1 *C l , Y30 ) 
INTIB1-B2-02,W2R> 

INTI  B1*C  1**B2*C2,  Y50 ) 
INTIEW1/TL1,0.0) 

INTIEW2/TL2,0.0) 

INTIEC2/TC2,0.0) 

T-4.0 

F INI T, 184. ) 

HDR IT,C1,C2,B1,B2,S1) 

HDR 

OUT ITIME,C1,C2,B1,B2,SI ) 

END 


END 


*»***«#*#*** 30KU02  OIMIM* ******** 


(*SO,02 Y,  «SW,0£Y,0SYtflIW JMOO 
<  1 J*,£ JH,SJH,SAU, IAU, BH1MQO 
(SOOT  »SOT,SJT  ,  J  JT,SO>,S  J>i)MOO 

(2M3Q2, iB,G9,oi2,osa,oia  >moo 

( I 2H, m MTa , bo t ST, t a, OO Ha )HOO 

(2M3G2*8d.O)\OI2  80MI2 

(flOMI2,8Yei  .SJ9X3  012018 
(13,13,03, .A-T)W2B  3 

?.0S*  (MW-i  Y  1  I  W3 

2.0SM8SW-AY)  SW3 

.oooesiMSO-nsoi  sob 

i Y\€  Y  10 

I Y\S Y  IH 

AY\?Y  SO 

01 J0I2+1 JX\(dY+lW3 )  i JO  I  2 

SJX\(TY+SW3>*£iAt>.£  V  J30 

(1 J0I2,18A.»qX3*££.J  18 

( .01 ,VJ3Q)qX3*OS8  S8 

<io**e*.-.i )\(io*.a-i .S£+ih»  it 

S3*.d*l.S£-(S0*AdA.-.n*ST  SH 

( ST-1 T )  *S AU  SO 

ST*A.+l.dd01  SOH 

lT*d.-.8P01  9AVH 

!T*d8£.+£T.8d01  10H 

(  (  SO-1  0  )  *3QH(1-SH-1H  )  •18  +  CJH- SO  MUM 

SH-S0H+S3*3UMG  M30 

M3QSMUM  SO 

9AVH\(S JH+SO)  10 

(AY*8000. I\(S0*SU-(13-S3  >* 18 >*.001  SOflBOB 

0I20I2  +  S3*\(S3fl303*S3(iT  +  8Y+S03)  12012 

( 12012,82*. >9X3*2^302*88.0  12 

(  I2+1AU)\(IAU*1T+(.S£+I2H)*I21  12T 

( 1 T~1 2  T ) *  1 AU  10 

££  .  1 \018  90M18 

<flOMia*evo.s  jsx3  ouoi2 

(aiW,lU-ifl*B)TMl  1 Y 

( OS  Y , i OH  *IQ-1H* 1 8- 1 Q*3H*3 ) TMI  SY 

(Q£Y,i3*18-33*3>TMI  £Y 

( flswtso-sa-ia >tmi  ay 

(02Y,$3*S8-10* 18 )TMl  2Y 

(0.0,1 JT\1W3)TMI  dY 

(0.0, S JT\SW3>TM1  V Y 

(0.0,S3T\S33)TM1  8Y 

O.A-T  3MIT 

( .*81 , T )  M I  3 
(  12,Sa,i6,S0,i0,T )80H 

flaw 

( 12, S8, 18, SO, 10, 3MIT)TUQ 

GM3 


QM3 
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APPENDIX  12 

CALCULATION  OF  FILM  COEFFICIENTS 

In  order  to  estimate  the  time  constants  pertaining 
to  the  steam  cavity  of  the  calandria  and  the  calandria  walls, 
values  for  the  steam  side  and  the  solution  side  film  coef- 
ficents  are  required.  As  mentioned  in  Chapter  II  the  sol¬ 
ution  side  film  coefficient  is  the  most  difficult  to  obtain. 
Therefore  an  emperical  correlation  will  be  used  to  find  the 
steam  side  film  coefficient  only.  The  solution  side  film 
coefficient  will  be  obtained  using  the  experimental  average 
over-all  film  coefficient  and  the  empirically  calculated 
steam  side  film  coefficient. 

Steam  Side  of  the  First  Effect  Calandria 

A  reasonably  accurate*  theoretical  equation  for  es¬ 
timating  the  film  coefficient  for  vapors  condensing  in  laminar 
flow  on  vertical  tubes  is 

K3 p  2g A  1/4 

h  =  0.943  ( - ) 

L  y  At  (12-1) 

h  =  film  coefficient 

k  =  thermal  conductivity  of  condensate 
p  =  density  of  condensate 
g  =  acceleration  of  gravity 

*  McAdams,  W.H.,  "Heat  Transmission",  McGraw-Hill  Co., 

New  York  (1954) 
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A  =  latent  heat  of  vaporization 
L  =  Length  of  tube 
y  =  viscosity  of  condensate 
t  =  temperature  potential 
The  approximate  values  for  these  parameters  are 
k  =  .394  btu/hr.°F  ft2 

P  =  60  lbs/ft3 

g  -  32  (3600) 2  ft. /hr. 2 

T  =  970  btu/lb, 

L  =  1.5  ft. 

y  =  .864  lb. /ft. hr. 

t  =  10. °F 

Substituting  these  values  into  equation  (12-1)  the  condensing 
steam  film  coefficient  is  found  to  be 

hs^  =  1500  btu/°F  ft2hr. 

therefore , 

o  2 

hs1  =  25.3  btu/  F  ft  min. 

J. 

or 

hs^A^  =  235  btu/°F  min. 

Solution  side  of  the  First  Effect  Calandria 

As  mentioned  in  the  main  body  of  the  thesis ,  determin¬ 
ing  heat  transfer  coefficients  for  boiling  liquids  in  tubes 
is  extremely  difficult.  Therefore ,  a  value  for  the  solution- 
side  film  coefficient  will  be  obtained  using  experiment  data. 
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From  experimental  results 


UXA  (ave)  =  58.7 

and 


therefore 


U1A]_ 


hs^ 


+ 


Vi 


(58.7) (235.) 


176.3 


78.2  btu/°F  min 
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APPENDIX  13 

FLOW  CONTROL,  FIRST  PRODUCT  EFFECT 


In  Appendix  4  it  was  shown  that  the  calibration 
curve  for  the  first  effect  product  flow  (B)  can  be  expressed 
by 

CR 

B,  =  1.33  ( — )  .48 

10 

where  CR  is  the  chart  reading  and  is  equal  to  Fb  the  flow 
transmitter  output  in  percent.  Therefore, 


Fb 

B  =  1.33  ( — )  .48 

10 

and 

Fb.  =  10.  ( - — )  2 . 1 

1.33 


In  linear  form  the  relationship  between  transmitter  output 
and  flow  is 


Fb1  =  Kft  Bx  +  CONSTANT 


WHERE 

Fb1  (10)  (2.1)  B, 

Kft  =  - -  =  -  ( - — )  1.1 

Bx  (1.33)  1.33 

Substituting  the  approximate  average  value  of  B^  =  2.0  lbs.mmin. 
yields 


Kft 


29.7  %/lbs/min. 
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Therefore 


Fb^  =  29.7  CONSTANT  (13-1) 

Although  the  value  of  the  constant  in  the  above  equation  can 
be  obtained  it  is  not  required  for  the  analysis  in  Chapter  IV 
and  therefore  need  not  be  evaluated. 

As  was  the  case  for  the  second  effect  product  flow 
(Chapter  IV) ,  the  relationship  between  valve  position  and  flow 
rate  for  the  first  effect  is 

where 

5i 
Av 

Assuming  a  one-to-one  relationship  between  valve  position 
and  controller  output 

B1  =  B1  10-0158ACbl 
where  # 

ACb1  =  change  in  controller  output  from  steady  state 
The  linearized  version  of  this  equation  is 

B1  =  Kv1Cb1  +  CONSTANT 


B1  =  B±  10 


. 0158 Av 


=  steady  state  flow  rate 


change  in  valve  position  (%)  from  this  steady 
state 
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do  ( 


B1  (2.3)  (  .0158) 


Assuming  B^ 


2.  lbs. /min.  yields 


Kv±  =  .073 


therefore , 


B1  =  .073  Cb1  +  CONSTANT 

As  with  equation  (13-1)  the  constant  in  equation  (13— 


(13-2) 

2)  need 


not  be  evaluated. 
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Basis : 


APPENDIX  14 


EVAPORATOR  DESIGN  CALCULATIONS 


-  assume  feed  rate  =  100  lbs. /hr. 

-  concentrate  solution  from  5%  to  15% 

-  assume  solution  properties  are  approximately  equal 
to  those  of  water 

-  assume  pressure  in  first  effect  =  18"  Hg. 

-  assume  pressure  in  second  effect  =  5"  Hg. 


Calculations : 


Heat  and  Material  Balances 


First  effect  latent  heat  of  vaporization  AH  =  986  btu/lbs. 
Second  effect  latent  heat  of  vaporization  AH  =  1018  btu/lbs 
Let  X  =  evaporation  rate,  first  effect,  lbs. /hr. 

Y  =  evaporation  rate,  second  effect,  lbs. /hr. 

Heat  removed  for  first  effect  =  =  986X  btu/hr. 

Assume  a  10%  heat  loss 

therefore  heat  removed  from  second  effect  =  (.9)  (986) X 

But  q^  =  1018Y 
therefore 


Y  = 


( .9) (986) X 


1018 


by  an  overall  solute  balance 


.15(100  -  x  -  y) 


( .05)  (100) 
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Solving 

X  =  35.6  lbs. /hr. 

Y  =  31.1  lbs o /hr. 


First  Effect 


-  assume  steam  temperature  =  215°F 

(.05) (100.) 

product  composition  =  -  =  .0775 

(100.  -  35.6) 

-  heat  transferred  =  (35.6)  (986)  =  35,000  btu/hr. 

-  assume  U  =  250  btu/lb.f t2hr . ( 24) 

Therefore 

35,000  9 

A  =  -  =  4  ft 

(250) (30) 

-  for  flexibility  double  the  area  to 

A  =  8  ft2 


-  use  3/4-inch  16  gauge  stainless  steel  tubing  18 


inches  long,  (average  surface  area  =  .17  ft  /ft) 


8 

no.  of  tubes  =  — - - — —  =  31.4  =  3  2  tubes 

(1.5)  (.17) 

diameter  of  the  calandria  downcomer  equals  100% 
of  the  total  x-sectional  area  of  the  heating  tubes. 


A  =  (32) (.00210)  =  0.0672  ft2 


D  =v//  A.L.O.672.)."  =  .292  ft.  =  3-1/2  inches 
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Second  Effect 

heat  transferred  =  .9(35000)  =  31,500  btu/lb. 

-  assume  second  effect  temperature  =  155°F 

-  temperature  drop  available  =  185  -  155  =  30°F 


Therefore , 

UA 

31,500  9 

-  1050  btu/hr.ft. 

30 

-  use  3  tubes  1-inch,  16  gauge,  6'  long 

2 

Surface  area  =  .23  ft  /ft 


Therefore , 

A  = 

( .23) (3) (6)  =  4.14  ft2 

Therefore , 


U  = 

1050  0 

-  250  btu/hr . °F  ft 

4.14 

This  heat  transfer  coefficient  is  well  within  what 

^|f 

can  be  expected  for  forced  circulation  evaporators  and  there 
fore  it  is  assumed  that  the  design  is  okay. 


*  McAdams,  W.H.,  "Heat  Transmission",  McGraw-Hill  Co., 
New  York  (1954 ) . 
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